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 RESUMO 
 
A epilepsia é uma doença neurológica caracterizada pela presença de crises epilépticas 
espontâneas e recorrentes que afetam em torno de 70 milhões de pessoas no mundo. Embora a 
grande maioria dos pacientes respondam bem ao tratamento medicamentoso, 
aproximadamente 30% são farmacorresistentes as drogas antiepiléptica. A farmacorresistência 
na epilepsia está associada a uma redução da qualidade de vida e ao aumento do risco de 
morte súbita. Há, portanto, uma grande necessidade de descoberta de novos compostos com 
propriedades anticonvulsivantes. A compreensão dos mecanismos moleculares que 
desencadeiam a geração da crise epiléptica é fundamental para o desenvolvimento de novas 
abordagens terapêuticas. Nesse contexto, o presente estudo investigou o efeito de terapia anti-
inflamatória, antioxidante e da hipotermia terapêutica na supressão da geração das crises 
epilépticas induzidas pelo agente químico convulsivante pentilenotetrazol no modelo 
zebrafish. Além disso, a ferramenta de edição do genoma CRISPR/Cas9 foi utilizada para 
criar o modelo da Doença de Lafora, uma forma de epilepsia mioclônica progressiva, com o 
objetivo de testar o tratamento para esta condição específica. Em conjunto, nossos dados 
fornecem evidências dos efeitos anticonvulsivantes de cada terapia, além de destacar como 
cada uma delas pode atuar para minimizar as alterações/danos associados à atividade 
epiléptica.  
 
Palavras-chave: zebrafish, epilepsia, neuroinflamação, estresse oxidativo, hipotermia, 
CRISPR/Cas9. 
 
 ABSTRACT 
 
Epilepsy is a neurological disease characterized by the presence of spontaneous and recurrent 
seizures that affect around 70 million people worldwide. Although the vast majority of 
patients respond well to drug therapy, approximately 30% are pharmacoresistant. 
Pharmacoresistance in epilepsy is associated with reduced quality of life and an increased risk 
of sudden death. Therefore, there is a need for the discovery of new compounds with 
anticonvulsant properties. The understanding of the molecular mechanisms that trigger 
generation of seizures is essential for the development of new therapeutic approaches. In this 
context, the present study investigated the effect of anti-inflammatory, antioxidant and 
hypothermia therapies in suppressing the generation of pentylenetetrazole-induced seizures in 
the zebrafish model. In addition, the CRISPR/Cas9 genome editing tool was used to create a 
Lafora Disease model, a form of progressive myoclonic epilepsy, in order to test anti-
inflammatory compounds for this specific condition. Taken together, our data provide 
evidence of the anticonvulsant effects of each therapy and highlight how each therapy can act 
to minimize the changes/damage associated with seizure activity. 
 
 
 
 
Key words: zebrafish, epilepsy, neuroinflammation, oxidative stress, hypothermia, 
CRISPR/Cas9. 
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1. INTRODUÇÃO 
  
1.1. Epilepsia 
A epilepsia é uma doença neurológica caracterizada pela presença de crises epilépticas 
espontâneas (não provocadas) e recorrentes que afetam em torno de 70 milhões de pessoas no 
mundo (1, 2). As definições conceituais, classificações e terminologias das crises epilépticas, 
dos tipos de epilepsia e das etiologias são revisadas frequentemente pela Liga Internacional 
Contra a Epilepsia (International League Against Epilepsy, ILAE) com o objetivo de auxiliar 
no diagnóstico, prognóstico, tratamento e padronizar/uniformizar a terminologia utilizada na 
clínica e na pesquisa básica (3, 4). Recentemente, a ILAE divulgou uma nova proposta de 
classificação das crises epilépticas e dos tipos de epilepsia e a ampliação das categorias 
etiológicas (3, 4). Pela nova proposta, as crises epilépticas podem ser classificadas em três 
categorias de acordo a manifestação inicial (onset) em: focal, generalizada ou desconhecida 
(3). Por sua vez, as epilepsias são classificadas baseadas no tipo de crise epiléptica em: focal, 
generalizada, focal-generalizada ou desconhecida (4). Além destes, a classificação etiológica 
foi ampliada para seis categorias, são elas: estrutural, genética,  infecciosa, metabólica, 
imunológica e desconhecido (4). Entretanto, as definições conceituais de crise epiléptica e 
epilepsia não sofreram modificações (3, 4). A crise epiléptica é conceitualmente definida 
como ipsis litteris  “uma ocorrência transitória de sinais e/ou sintomas ocasionada por uma 
atividade neuronal síncrona e anormal ou excessiva no cérebro” (2). Desta forma, a região do 
cérebro responsável pela geração da crise epiléptica (ictogênese) e a extensão acometida 
(focal ou generalizada) promovem uma grande variedade de manifestações clínicas (5). Por 
sua vez, a definição clínica de epilepsia proposta pela ILAE conceitua a epilepsia como sendo 
uma doença neurológica caracterizada pela ocorrência de pelo menos duas crises epilépticas 
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espontâneas (não-provocadas) em um intervalo superior a 24 horas e associado a um maior 
risco de recorrência ao longo dos próximos 10 anos (6). Na prática clínica o tratamento das 
epilepsias representa um grande desafio devido a sua grande diversidade etiológica (5). O 
tratamento farmacológico corresponde a principal abordagem terapêutica utilizada na 
supressão da geração das crises epilépticas e, embora a grande maioria dos pacientes responda 
bem ao tratamento medicamentoso, aproximadamente 30% são farmacorresistentes às drogas 
antiepilépticas (DAEs) (5). A farmacorresistência na epilepsia está associada a uma redução 
da qualidade de vida e ao aumento do risco de morte súbita (7). Há, portanto, uma grande 
necessidade da descoberta de novos compostos com propriedades anticonvulsivantes bem 
como, do tratamento direcionamento para uma etiologia específica. Neste sentido, os modelos 
animais oferecem a possibilidade de reproduzir uma etiologia específica viabilizando assim 
uma melhor compreensão das alterações fisiopatológicas associadas e na exploração de novas  
abordagens terapêuticas direcionadas. Desta forma, os modelos que reproduzem  um insulto 
precipitante inicial (IPI) (e.g trauma cranioencefálico, acidente vascular cerebral, crise febril, 
hipóxia, status epilepticus) oferecem a possibilidade de explorar intervenções terapêuticas 
voltadas na prevenção ou interrupção do processo epileptogênico (8-10). Já os modelos 
genéticos (knockout e knockdown) de genes associados às epilepsias idiopáticas viabilizam a 
exploração de terapias direcionadas a um genótipo específico (11, 12).  Por sua vez, os 
modelos de crise epiléptica oferecem a possibilidade de realizar a triagem de novos 
compostos/drogas com propriedades anticonvulsivantes que posteriormente poderão ser 
explorados nos modelos de IPI e genéticos (13). 
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1.2. Modelo animal zebrafish  
 
Nos últimos anos, o zebrafish (Danio rerio) (Figura 1) se destacou como modelo 
animal alternativo no estudo de várias doenças humanas (14-18). Esta espécie apresenta 
características biológicas que a tornam um modelo animal experimental atrativo para estudos 
de manipulação genética e na triagem de novas drogas em larga escala (19-26). Dentre as 
características, destacam-se: alta homologia genética com humanos (18, 27); homologia 
funcional de órgãos com os mamíferos (28); o desenvolvimento externo desta espécie torna 
favorável a manipulação genética do embrião (29, 30); a obtenção de um grande número de 
embriões por acasalamento favorecendo assim a manipulação genética do embrião e a criação 
de linhagens transgênicas (29); a transparência durante as fases embrionária e larval 
possibilita a visualização in vivo não invasiva dos órgãos e/ou de processos biológicos através 
da microscopia de campo claro, confocal ou light sheet (31-33);  o pequeno tamanho dessa 
espécie permite realizar estudos de triagem de drogas em larga escala (Figura 2) (13, 20, 22). 
É importante ressaltar que o uso dessa espécie se enquadra no princípio ético dos três Rs 
(reduction, refinement, replacement) e, portanto, o zebrafish é considerado um modelo 
alternativo ao uso de mamíferos na experimentação na pesquisa básica (14).  
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Figura 1. Zebrafish nos estágios (A) embrionário, (B) larval e (C) adulto. Imagem por 
Barbalho, PG. 
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Figura 2. Representação esquemática da triagem de drogas em uma placa de 96 poços 
utilizando larvas de zebrafish. Nesta configuração, quatro drogas e três concentrações para 
cada droga podem ser avaliadas simultaneamente em uma mesma análise. Imagem por 
Barbalho, PG. 
 
A organização do cérebro do zebrafish é semelhante aos vertebrados superiores e se 
divide em três regiões, são elas: prosencéfalo (telencéfalo e diencéfalo), mesencéfalo e 
rombencéfalo (Figura 3) (14, 34, 35). O sistema nervoso central (CNS) do zebrafish apresenta 
os principais componentes celulares encontrados no cérebro de mamíferos (e.g micróglia, 
astrócitos, oligodendrócitos) e também possui barreira hematoencefálica (36-39). Além disso, 
o cérebro do zebrafish apresenta as vias colinérgicas, dopaminérgicas, noradrenérgicas, 
glutamatérgicas, GABAérgicas, histaminérgicas e serotoninérgicas (14, 34, 40). Em conjunto 
estes fatores tornam relevante o emprego do zebrafish como modelo experimental em estudos 
de doenças neurológicas e na neurofarmacologia (34, 37, 41). Vários estudos já destacaram o 
uso desta espécie como modelo animal para estudos de doenças neurodegenerativas incluindo 
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a Doença de Parkinson (42-44), Alzheimer (36, 41, 45, 46), Huntington (47, 48), Ataxia 
Espinocerebelar (49, 50), Esclerose Lateral Amiotrófica (51-53) e Epilepsia (40, 54, 55).  
 
 
Figura 3. Representação esquemática do cérebro do zebrafish adulto. (A) vista lateral (B) 
vista dorsal. (C) tamanho do cérebro do zebrafish adulto. Imagem por Barbalho, PG. 
 
Baraban e colaboradores (2005) foram os primeiros pesquisadores que utilizaram e 
caracterizaram o zebrafish como modelo animal para estudos de epilepsia (54). Em seu 
trabalho foi demostrado que as larvas de zebrafish durante a exposição ao agente químico 
convulsivante pentilenotetrazol (PTZ) apresentaram alterações comportamentais semelhantes 
à crise epiléptica (seizure-like behavior), atividade eletrográfica epileptiforme e aumento da 
expressão do marcador de atividade neuronal c-fos, assim como observado em espécies de 
roedores de modelos de epilepsia (54). O PTZ é um antagonista dos receptores do ácido 
gama-aminobutírico (GABA) e atua bloqueando a neurotransmissão inibitória mediada pelo 
GABA, desencadeando assim a geração de crises epilépticas (56). O GABA é o principal 
neurotransmissor inibitório em SNC e medeia a neurotransmissão sináptica inibitória pela 
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ligação aos receptores GABA, promovendo assim a hiperpolarização da membrana neuronal  
e consequente inibição da geração de potenciais de ação (57). Além do PTZ, outros 
convulsivantes químicos como a pilocarpina (agonista dos receptores muscarínicos) e o ácido 
caínico (análogo do glutamato) também foram utilizados no zebrafish para a indução de crises 
epilépticas (58-62). Lee et al. (2010) demostraram que a indução da crise epiléptica por PTZ 
no zebrafish adulto promoveu um déficit de aprendizado e que o tratamento com o Ácido 
Valpróico, uma DAE, melhorou o déficit cognitivo assim como observado em modelos de 
roedores de epilepsia (63). Recentemente, Cho et al (2017), realizaram o registro eletrográfico 
multicanal não-invasivo no zebrafish adulto após a administração por via oral do PTZ e 
demonstraram que 70% das crises epilépticas se originaram da região do telencéfalo (64). 
Notavelmente, o telencéfalo do zebrafish apresenta as regiões homólogas ao hipocampo e 
amígdala de mamíferos, denominadas de pallium lateral e pallium medial, respectivamente 
(65, 66). Vale destacar que a esclerose hipocampal representa o achado neuropatológico mais 
frequente em espécimes cirúrgicos de pacientes com epilepsia de lobo temporal mesial 
(ELTM) farmacorresistentes submetidos à cirurgia para a remoção do foco epiléptico (9, 67, 
68). Além disso, Cho et al. (2017) demonstraram que, aproximadamente, 71% dos animais 
apresentaram crises epilépticas generalizadas e cerca 35% apresentaram crises epilépticas 
com duração igual ou superior a cinco minutos (64). Por definição uma crise epiléptica com 
duração igual ou superior a cinco minutos é caracterizada como sendo status epilepticus (SE) 
(69). Em outro estudo recente, Duy et al. (2017) avaliaram as alterações celulares no cérebro 
do zebrafish adulto em resposta a sucessivas induções de crises epilépticas e constataram um 
aumento da inflamação no SNC, gliose reativa e neurogênese, assim como observado em 
modelos redores de epilepsia (70). No entanto, Duy et al. (2017) relataram que sucessivas 
induções de crises epilépticas não promoveram o surgimento de crises epilépticas espontâneas 
e sugerem que este fato pode estar relacionado com a rápida recuperação temporal das 
 22 
 
alterações celulares que foram observadas (70). Os autores sugerem que a rápida recuperação 
observada pode estar associada aos mecanismos de regeneração celular (70). De fato, 
evidências experimentais demonstram que o cérebro do zebrafish possui uma alta capacidade 
de regeneração em resposta a uma lesão no SNC (71-75).  
Nos últimos anos, o modelo de crise epiléptica induzida por um agente químico 
convulsivante tem sido empregado para a descoberta e seleção de novos compostos/drogas 
com propriedades anti-convulsivantes (20, 55, 56, 76, 77). No trabalho de Baraban et al. 
(2005) foi demonstrado que durante a exposição ao PTZ as larvas de zebrafish apresentaram 
um aumento da atividade locomotora da natação (54). Em seu estudo, a atividade locomotora 
de cada animal foi quantificada utilizando um software de vídeo-rastreamento para os 
parâmetros de velocidade média e distância percorrida (54). Baraban et al. (2005) constataram 
que a distância percorrida e a velocidade média das larvas expostas ao PTZ foram maiores 
que as do grupo controle (54). Além disso, também demonstraram que o tratamento com 
DAEs promoveram uma redução da distância percorrida e velocidade média nos animais 
expostos ao PTZ, sugerindo assim que a avaliação da atividade locomotora representa uma 
método eficiente para avaliar o efeito anticonvulsivante de novos compostos/drogas. (54). 
Além da avalição da atividade locomotora, Baxendale et al. (2012) demostraram que a 
supressão da expressão do marcador de atividade neuronal c-fos pelas DAEs também poderia 
ser utilizado como um indicador para a seleção de novos compostos/drogas com propriedade 
anticonvulsivante (56). Em seguida, a correlação entre a inibição da atividade locomotora 
com a inibição da atividade epileptiforme foi confirmado por Afrikanova et al. (2013), 
validando assim o padrão comportamental como um critério fiel para a seleção de novos 
compostos/drogas com propriedade anticonvulsivante (78). Em conjunto, estes estudos 
comprovaram que a seleção de drogas com propriedades anticonvulsivantes podem ser 
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realizadas a partir da avaliação do padrão comportamental, da expressão do marcador de 
atividade neuronal c-fos e/ou do registro eletrográfico. 
 Além do modelo de crise epiléptica induzida, os modelos genéticos de genes 
associados às epilepsias idiopáticas têm sido criados com o objetivo de realizar a triagem de 
drogas direcionadas a um genótipo específico (79-81). O oligonucleótido antisense morfolino 
(MO) tem sido a técnica mais utilizada nos últimos anos para realizar o silenciamento gênico 
(knockdown) no zebrafish (80, 82, 83). Com essa ferramenta, Zhang e colaboradores (2015) 
realizaram o  silenciamento do gene scn1a, ortólogo ao SCN1A em humano e associado a 
Sindrome de Dravet,  para avaliar a resposta ao tratamento com a Fenfluramina (80). Em seu 
trabalho foi demonstrado que os morfantes do scn1a (animais silenciados pelo MO) 
apresentaram crises epilépticas espontâneas e que o tratamento com a Fenfluramina promoveu 
a supressão das descargas epileptiformes (80). Entretanto, vários estudos ressaltam que a 
técnica do MO possui algumas limitações significativas dentre as quais incluem o 
silenciamento parcial e de curta duração restringindo desta forma a avaliação fenotípica  (84-
86). Apesar desta técnica ser bastante utilizada para na avaliar o efeito temporário da perda da 
função de genes associados a doenças humanas, o Kok et al. (2015) reportaram uma baixa 
correlação fenotípica entre os animais morfantes com os animais mutantes em mais de 20 
genes analisados, demonstrando assim que o fenótipo observado nos morfantes não é 
totalmente correspondente com a perda da função do gene em si, mas que pode estar 
refletindo um efeito off-target (84). Desta forma, Kok et al. (2015) sugerem que a 
caracterização fenotípica do MO deve ser interpretada com cautela (84). Recentemente, o 
Conjunto de Repetições Palindrômicas Regularmente Espaçadas associada à proteína Cas9 
(CRISPR/Cas9) emergiu como uma ferramenta de edição genética precisa e eficiente para 
mutagênese sítio-dirigida e vem sendo bastante empregada para estudos de doenças genéticas 
humanas (85, 87-89). O CRISPR/Cas9 é composto basicamente por um RNA guia (sgRNA) e 
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pela endonuclease Cas9 (89-92) (Figura 3). O sgRNA é uma sequência de aproximadamente 
20 nucleotídeos que se anela a uma sequência alvo no DNA genômico e guia a endonuclease 
Cas9 para promover a quebra da dupla fita do DNA próximo a sequência PAM (do inglês, 
Protospacer Adjacent Motif - PAM) (89-92). A sequência PAM (5’-NGG) se localiza a 
jusante a sequência do DNA genômico alvo (89-92) (Figura 3). A quebra da dupla fita do 
DNA pela Cas9 será reparada por um dos dois mecanismos de reparação: reparo por 
homologia direta (do inglês, high-fidelity Homology-Directed Repair - HDR) ou reparo por 
união terminal não-homóloga (do inglês, Non-Homologous End-Joining - NHEJ) (89-92). 
Ambos mecanismos de reparo têm implicações importantes para a edição genoma mediada 
pelo sistema CRISPR/ Cas9 (89-92). O reparo mediado por NHEJ é a maneira mais eficiente 
de edição do gene pelo CRISPR/Cas9 (89-92). NHEJ é um processo reparo sujeito a erros 
promovendo inserções ou deleções de pares de bases aleatórias (Indels) no local de corte, 
resultando na perda da função do gene através de mutações de mudança do códon de leitura 
(frame-shifts) (89-92). Em contraste, a quebra da dupla fita de DNA pode ser reparada com 
uma eficiência mais baixa pelo um mecanismo de HDR (29, 52). O HDR utiliza uma 
sequência homóloga exógena como um molde para introduzir mutações específicas 
precisamente na sequência genômica alvo (89-92). Portanto, esta abordagem permite a edição 
precisa nos genes para produzir mutações equivalentes às mutações de genes associados a 
doenças humanas (29, 52). A modificações no DNA promovidas pelo CRISPR/Cas9 têm alto 
potencial de serem herdadas o que torna esta ferramenta de edição genética mais robusta em 
relação as nucleases Zinc Finger Nucleases e Transcription activator-like effector nucleases 
(TALEN) (88, 89, 91). Atualmente, o CRISPR/Cas9 tem sido empregado com sucesso no 
modelo zebrafish para a geração de modelos de perda de função (knockout) de genes 
associados a doenças genéticas humanas e, até o momento, dois modelos de epilepsia foram 
publicados (81, 93). Em conjunto, o modelo de indução química de crise epiléptica e a 
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manipulação de genética oferecem a possibilidade de explorar diferentes estratégias para o 
desenvolvimento de novos tratamentos para a epilepsia.  
 
 
Figura 4. Representação esquemática da edição do genoma mediada pela ferramenta 
CRISPR/Cas9. O sgRNA é uma sequência de aproximadamente 20 nucleotídeos que se anela 
a uma sequência alvo no DNA genômico e guia a endonuclease Cas9 para promover a quebra 
da dupla fita do DNA próximo a sequência PAM (do inglês, Protospacer Adjacent Motif - 
PAM). A sequência PAM (5’-NGG) se localiza a jusante a sequência do DNA genômico alvo. 
A quebra da dupla fita do DNA pela Cas9 será reparado por um dos dois mecanismos de 
reparação: reparo por homologia direta (do inglês, high-fidelity Homology-Directed Repair - 
HDR) ou reparo por união terminal não-homóloga (do inglês, Non-Homologous End-Joining - 
NHEJ) Adaptado de Jao et al. (2013)(92). 
 
 
Do ponto de vista molecular a crise epiléptica é originada por um desequilíbrio entre a 
neurotransmissão excitatória e inibitória no SNC (3). Nesse sentido, a compreensão dos 
mecanismos moleculares que desencadeiam e/ou favorecem este desequilíbrio são 
fundamentais para o desenvolvimento de abordagens terapêuticas (9). Evidências 
experimentais demonstraram que a crise epiléptica promove um aumento da resposta 
 26 
 
inflamatória, do estresse oxidativo e da morte neuronal e que este aumento, por sua vez,  
poderia contribuir na geração da crise epiléptica e na progressão da doença (epileptogênese) 
(9, 10).   
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2. OBJETIVOS 
 
Avaliar os efeitos das terapias anti-inflamatória, antioxidante e da hipotermia terapêutica na 
supressão da geração da crise epiléptica induzida e como cada terapia pode contribuir para 
minimizar os alterações moleculares vistas na epileptogênese e associados à atividade 
epiléptica utilizando o modelo zebrafish.  
 
2.2. Objetivos específicos 
 
• Avaliar o efeito do pré-tratamento da indometacina, um anti-inflamatório não-esteroidal e 
não-seletivo das ciclooxigenases 1 e 2, na expressão do transcrito dos genes da  
interleucina-1 beta (il1b),  ciclooxigenase-2 (cox2a e cox2b) e do marcador de atividade 
neuronal c-fos,  latência e o número de crises epilépticas em larvas de zebrafish (Artigo 1). 
 
• Avaliar o efeito do bloqueio farmacológico com inibidores seletivos para a ciclooxigenase -
1 (SC-560) e para a ciclooxigenase-2 (SC-236) na expressão transcricional do marcador de 
atividade neuronal cfos e no padrão comportamental em larvas de zebrafish (Artigo 2).  
 
• Estabelecer a linhagem mutante da Doença de Lafora no modelo zebrafish a partir da 
técnica de edição do genoma CRISPR/Cas9. Avaliar sensibilidade das larvas epm2a-/- 
(knockout) ao agente químico convulsivante pentilenotetrazol (PTZ). Avaliar o efeito do 
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pré-tratamento com a indometacina antes da exposição ao PTZ na supressão do marcador 
de atividade neuronal pERK nas larvas epm2a-/- (Artigo 3)1. 
 
•  Avaliar o efeito do pré-tratamento com Azul de Metileno na expressão transcricional de 
genes envolvidos na atividade neuronal (c-fos), estresse oxidativo (sod2), morte celular 
(casp3 e bcl2) e no padrão comportamental (Artigo 4).  
 
• Avaliar o efeito do tratamento da hipotermia aplicado imediatamente após a crise epiléptica 
induzida na expressão transcricional de genes envolvidos na resposta inflamatória (cox2a, 
cox2b, hmgb1, il1b, tnfa, e il6), atividade neuronal (c-fos), neuroplasticidade (bdnf), 
neurotransmissão (gria1a, gria2a, gria3b, grin1a, grin2bb, gabra1, gad1 e gad2) e morte 
celular (casp3 e bcl2) e no padrão comportamental (Artigo 5). 
 
 
 
 
 
 
 
 
                                                             
1 O projeto de estágio de pesquisa no exterior (BEPE-FAPESP) realizado no National Institutes of Health (NIH) 
utilizou a técnica do CRISPR/Cas9 no modelo zebrafish para criar um modelo da Doença de Lafora. O artigo 5 é 
uma síntese dos resultados preliminares obtidos durante o doutorado sanduíche (Apêndices).  
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3. METODOLOGIA  
 
ARTIGO 1 
 
1. Animais 
A manutenção e criação do zebrafish foram realizadas de acordo com padrão descrito por 
Westerfield (94). Os peixes adultos foram alojados em tanques de 30-50 L (dois peixes/L) 
abastecidos por sistema de recirculação de água não-clorada através de  filtração mecânica e 
biológica, mantidos a uma temperatura de 26 ± 2°C e no fotoperíodo controlado em períodos 
de claro e escuro de 10/14 horas, respectivamente. Os adultos foram alimentados duas vezes 
ao dia com ração comercial em flocos (Tetramin, Tetra, Blacksburg, VA) e uma vez por dia 
com artêmia. As larvas foram alimentadas com paramécio e artêmia duas vezes ao dia. Os 
ovos fertilizados foram coletados através da reprodução natural dos peixes adultos. Os 
embriões e larvas foram alojados em placas de Petri contendo de água dos tanques e mantidos 
em uma incubadora na mesma temperatura e fotoperíodo dos adultos. Após a coleta dos 
embriões, o estágio de desenvolvimento foi avaliado de acordo com os critérios morfológicos 
estabelecidos por Kimmel et al. (1995) (95). Os experimentos foram aprovados pelo Comitê 
de Ética para Pesquisa Animal da Universidade de Campinas (protocolo número 3098-
1/2013). 
 
Indução de crise epiléptica 
As larvas de zebrafish de sete dias pós-fertilização (dpf) foram aleatoriamente divididas entre 
os grupos controle (CG) e indução de crise epiléptica (SG) (n = 6/ por grupo). Para a indução 
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da crise epiléptica, as larvas foram cuidadosamente e individualmente transferidas da placa de 
Petri no qual estavam abrigadas para uma placa de cultura de 24 poços (uma larva por poço) 
contendo uma solução de 15 mM do agente químico convulsivante pentilenotetrazol (PTZ) 
(Sigma-Aldrich, St. Louis, MO, EUA) através do auxílio de uma pipeta Pasteur. Após 20 
minutos de exposição ao PTZ, as larvas foram individualmente transferidas para uma primeira 
placa de Petri contendo apenas água de aquário e, em seguida, após a transferência de todas 
larvas, novamente as larvas passaram pelo mesmo procedimento para uma segunda placa de 
Petri contendo também apenas água de aquário. Desta forma as larvas foram submetidas a um 
processo de “lavagem” para a eliminação do PTZ. As larvas do grupo controle passaram pela 
mesma manipulação, porém a placa de cultura de 24 poços continha apenas água de aquário 
ao invés de PTZ.  
 
Análise do padrão comportamental durante a crise epiléptica  
O padrão comportamental durante a crise epiléptica foi classificado com base nos estágios 
comportamentais de crise epiléptica estabelecidos por Baraban et al. (2005) (54). A 
visualização do comportamento de natação das larvas foi realizada utilizando o microscópio 
Stereomaster® (Fisher Scientific, Waltham, MA). Durante a exposição ao PTZ, foram 
avaliados a latência para o primeiro episódio de crise epiléptica bem como, o número de 
crises epilépticas (episódios) observados durante os 20 minutos de exposição ao PTZ.  
 
Avaliação toxicológica e tratamento com a indometacina 
Inicialmente, foram selecionadas sete concentrações de indometacina (10, 70, 100, 140, 200, 
250 e 307 µM) para realizar a avaliação toxicológica. As concentrações selecionadas foram 
diluídas em água de aquário a partir de uma solução estoque de indometacina (Sigma-Aldrich, 
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St. Louis, MO, EUA) dissolvida em tampão Tris-HCl (pH 8.0). Cada concentração foi 
distribuída em uma linha em uma placa de cultura de 96 poços (8 linhas x 12 colunas). Para 
cada concentração selecionada foram utilizadas doze larvas de seis dpf (uma larva por poço). 
Após 24 horas de incubação, foi aplicado um estímulo táctil na placa para avaliar a reposta do 
escape (startle) e identificar quaisquer sinais de comprometimento locomotor e/ou toxicidade 
(deformação corporal, exoftalmia e mortalidade). Nenhuma das concentrações avaliadas  
prejudicaram a resposta de startle ou provocaram deformação corporal, exoftalmia e/ou 
mortalidade (13, 56, 78). O ensaio de avaliação toxicológica foi realizado em duplicata. Em 
seguida, foram selecionadas três concentrações (10, 100 e 307 µM) de indometacina para a 
realização dos experimentos. As concentrações de 10 e 100  µM foram escolhidas baseada no 
estudo de d'Alençon et al. (2010) (96). As larvas com seis dpf foram incubadas por 24 horas 
em uma solução de 10, 100 ou 307 µM de indometacina em uma placa de Petri. O período de 
incubação foi selecionado a partir do estudo de Afrikanova et al. (2013) (78). Após 24 horas, 
as larvas foram individualmente transferidas para uma placa de cultura de 24 poços contendo 
uma solução de 15mM de PTZ, assim como descrito anteriormente. 
 
Extração de RNA total e RT-PCR 
Os animais dos grupos CG e SG foram crioanestesiados nos tempos de 0.05, 1,  6, 12, 24 e 48 
horas após a indução da crise epiléptica e as amostras foram coletadas e rapidamente 
congeladas em nitrogênio líquido para posterior armazenamento a -80°C (n = 5/grupo; pool 
de 20 cabeças por amostra). As larvas dos grupos tratados com  indometacina (10, 100 e 307 
µM) foram crioanestesiados em 0.05h após indução da crise epiléptica (n = 5/concentração; 
pool de 20 cabeças por amostra. Em seguida foi realizado a extração do RNA total das 
amostras pelo reagente TRIzol® (Invitrogen, Carlsbad, CA, EUA) de acordo com as 
instruções do fabricante.  A concentração e pureza do RNA total foram determinadas 
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utilizando o Espectrofotômetro EpochTM (BioTek, Winooski, VT, EUA) e a sua integridade 
avaliada através da eletroforese gel de agarose a 2%. A partir do RNA total foi realizado a 
síntese do cDNA utilizando o kit High Capacity (Applied Biosystem, Foster City, CA, EUA) 
seguindo as instruções do fabricante. Reações sem RNA foram utilizadas como controles 
negativos. 
 
PCR quantitativo em tempo real 
As reações de PCR quantitativo em tempo real foram realizadas utilizando o sistema ABI 
7500 (Applied Biosystems, Foster City, CA, EUA), TaqMan® Universal Master Mix, e 
TaqMan® Gene Expression Assay (Invitrogen, Carlsbad, CA, EUA) para zebrafish.  
Inicialmente, foi realizada a análise da curva padrão a partir de diluições seriadas de cDNA  
(1:2; 1:4; 1:8; 1:16; e 1:32) em triplicatas para avaliar a eficiência de amplificação de cada 
assayTaqMan®. Eficiência da curva-padrão foi calculada de acordo com a fórmula: E = 10(-
1/slope). A quantificação relativa da expressão do RNA mensageiro (RNAm) de cada gene alvo 
(il1b, cox2a, cox2b e c-fos) foram realizadas em triplicatas e normalizadas para o gene de 
referência eukaryotic translation elongation factor 1 alpha 1, like 1 (eef1a1l1) (97, 98). A 
quantificação relativa da expressão gênica (RQ) após a normalização para o gene de 
referência foi calculado de acordo com a equação RQ = 2-ΔΔCT descrito por Livak e 
Schmittgen (2001) (99). Os dados foram analisados pelo software SDS 7500 (Applied 
Biosystems).  
 
Análise Estatística 
Os resultados são apresentados como valores de média ± erro padrão da média (EPM). 
Análise estatística foi realizada utilizado o programa  GraphPad Prism versão 5.0 (GraphPad 
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Software, San Diego, CA, EUA). Em todas as análises, o nível de significância foi definido 
para p ≤ 0.05. As comparações estatísticas entre dois grupos foram realizadas utilizando o 
teste Mann-Whitney. As comparações estatísticas entre mais de três grupos foram avaliadas 
por Análise de Variância one-way (ANOVA) e teste Bonferroni post-hoc. 
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ARTIGO 2 
 
Animais 
A manutenção e criação do zebrafish do tipo selvagem (wild-type) foram realizadas de acordo 
com padrão descrito por Westerfield (94). Os peixes adultos foram alojados em tanques de 
30-50 L (dois peixes/L) abastecidos por sistema de recirculação de água não-clorada através 
de  filtração mecânica e biológica, mantidos a uma temperatura de 26 ± 2°C e no fotoperíodo 
controlado em períodos de claro e escuro de 10/14 horas, respectivamente. Os adultos foram 
alimentados duas vezes ao dia com ração comercial em flocos (Tetramin, Tetra, Blacksburg, 
VA) e uma vez por dia com artêmia. As larvas foram alimentadas com paramécio e artêmia 
duas vezes ao dia. Os ovos fertilizados foram coletados através da reprodução natural dos 
peixes adultos. Os embriões e larvas foram alojados em placas de Petri contendo de água dos 
tanques e mantidos em uma incubadora na mesma temperatura e fotoperíodo dos adultos. 
Após a coleta dos embriões, o estágio de desenvolvimento foi avaliado de acordo com os 
critérios morfológicos estabelecidos por Kimmel et al. (1995) (95). Os experimentos foram 
aprovados pelo Comitê de Ética para Pesquisa Animal da Universidade de Campinas 
(protocolo número 3098-1/2013 e 4081-1/2016). 
 
Produtos qúmicos 
Os produtos químicos 5-(4-Chlorophenyl)-1-(4-methoxyphenyl)-3-trifluoromethyl pyrazole 
(SC-560), 4-[5-(4-Chlorophenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]-benzenesulfonamide 
(SC-236), e pentilenotetrazol (PTZ) foram comprados da Sigma-Aldrich (St. Louis, MO, 
USA). 
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Indução de crise epiléptica 
Os procedimentos experimentais para a indução de crise epiléptica em lavras de zebrafish 
foram realizados assim como descrito anteriormente (100).  Resumidamente, as larvas de 
zebrafish com sete dpf foram transferidas para uma placa de cultura de 24 poços (uma larva 
por poço) contendo uma solução de 15 mM de PTZ [indução de crise epiléptica (SG)] ou 
contendo apenas água de aquário [grupo controle (CG)] e mantidas por 60 minutos. Em 
seguida,  os animais foram crioanestesiados e as amostras foram coletadas e congeladas em 
nitrogênio líquido para posterior armazenamento a -80°C (n = 5/ grupo; pool de cinco 
cabeças). 
 
Pre-tratamento farmacológico 
As larvas de zebrafish foram incubadas em uma solução de 5 µM de SC-236 por 24 horas ou 
2.8 µM de SC-560 por 30 minutos. Além dos grupos de tratamento como os inibidores 
seletivos, também foram feitos dois grupos veículo-controle (DMSO >0.01%)  para os 
mesmos tempos (24h e 30min). As concentrações utilizadas foram selecionadas com base no 
estudo de Teraoka et al. (2009) (101). Em seguida, as larvas foram expostas ao PTZ durante 
60 minutos como descrito acima. 
 
PCR quantitativo em tempo real 
A extração de RNA total, transcrição reversa e de PCR quantitativo em tempo real foram 
realizadas assim como descrito anteriormente (100). Resumidamente, a extração de RNA total 
das amostras dos grupos CG, SG; SC-236; SC-560 e veículo-controle (DMSO >0.01%)  
foram realizadas utilizando o reagente TRIzol® (Invitrogen, Carlsbad, CA, EUA) de acordo 
com as instruções do fabricante (n = 5/ grupo; pool de cinco cabeças).  A concentração e 
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pureza do RNA total foram determinadas utilizando o Espectrofotômetro EpochTM (BioTek, 
Winooski, VT, EUA) e a sua integridade avaliada através da eletroforese gel de agarose a 2%. 
A partir do RNA total foi realizado a síntese do cDNA utilizando o kit High Capacity 
(Applied Biosystem, Foster City, CA, EUA) seguindo as instruções do fabricante. Reações 
sem RNA foram utilizadas como controles negativos. As reações de PCR quantitativo em 
tempo real foram realizadas utilizando o sistema ABI 7500 (Applied Biosystems, Foster City, 
CA, EUA), LuminoCt® qPCR ReadyMix (Sigma- Aldrich, St. Louis, MO, USA), e 
TaqMan® Gene Expression Assay (Invitrogen, Carlsbad, CA, EUA) para zebrafish. As 
reações foram feitas em triplicatas utilizando o gene de referência eef1a1l1 (Dr03432748_ 
m1) para normalizar a expressão dos genes ptgs1 (Dr03087197_m1) and c-fos (fos) 
(Dr03100809_g1). A eficiência da amplificação dos assays e quantificação relativa da 
expressão foram analizados utilizando o software SDS 7500 (Applied Biosystems). 
 
Atividade locomotora do comportamento de crise epiléptica 
As larvas de zebrafish com 7 dpf foram transferidas para uma placa de 96 poços em uma  
distribuição semi-aleatória com o auxílio de uma pipeta em um volume de 50 µl e aclimatados 
por 30 minutos para minimizar a interferência no teste comportamental. Após a aclimatação, 
foram adicionados 50µl  de água do aquário ou 50 µl de uma solução de 30mM de PTZ 
(obtendo assim uma concentração final de 15mM). Em seguida, a atividade locomotora foi 
registrada durante 30 minutos utilizando o sistema de vídeo-rastreamento automatizado 
DanioVision (Noldus, Wageningen, The Netherlands). O comportamento foi avaliado para 
sete larvas (n = 7) para cada grupo experimental: (i) CG; (ii) SG; (iii) veículo controle - 
DMSO (30min e 24h); (iv) SC-236 e (v) SC-560. A distância total percorrida e a velocidade 
de cada larva foi quantificada pelo software EthoVision XT locomotion tracking software 
(Noldus, Wageningen, The Netherlands). 
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Análise Estatística 
Os resultados são apresentados como valores de média ± erro padrão da média (EPM). 
Análise estatística foi realizada utilizado o programa  GraphPad Prism versão 5.0 (GraphPad 
Software, San Diego, CA, EUA). Em todas as análises, o nível de significância foi definido 
para p ≤ 0.05. As comparações estatísticas entre dois grupos foram realizadas utilizando o 
teste Mann-Whitney. As comparações estatísticas entre mais de três grupos foram avaliadas 
por Análise de Variância one-way (ANOVA) e teste Bonferroni post-hoc. 
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ARTIGO 3 
 
Cuidado e manutenção do zebrafish  
Todos os experimentos foram realizados no zebrafish da linhagem genética TAB5 do tipo 
selvagem (wild-type,WT). Os peixes foram criados e mantidos na Zebrafish Facility do 
National Institutes of Health (NIH).  
 
Estabelecimento de linhagem mutante do gene epm2a usando a tecnologia de edição do 
genoma CRISPR-Cas9. 
O sgRNA alvo para exon 1 do gene epm2a (GGCCGGAGATGGGGCTCT) foi selecionado 
usando o banco de dados UCSC Genome Browser conectado ao ZebrafishGenomics track hub 
como descrito em Varshney et al. (2016). Uma solução contendo o 300 pg de RNAm da Cas9 
e 50 pg do  sgRNA  foi injetada no estágio de uma célula no embrião de zebrafish e em um 
volume final de 1,4nl. A eficiência da edição pela sequencia alvo foi realizada por PCR 
fluorescente associada à eletroforese capilar como descrito em Varshney et al. (2016). O 
DNA utilizado como modelo na PCR fluorescente foi extraído de 8 embriões injectados (F0) 
e 8 embriões não injetados como descrito em Varshney et al. (2016). As sequências dos 
primers para amplificar o fragmento que engloba o sítio alvo foram desenhados como descrito 
em Varshney et al. (2016) e sintetizados pela Integrated DNA Technologies (IDT DNA) (35). 
A sequencia do primer direto usado contendo a sequência 5 'M13-FAM: tgtaaaacgacggccagt 
GCATGTGACTTCAGACCGAAT e a sequencia do o primer reverso contendo a sequência 
5' PIGtail: gtgtcttACTGCACAGGACATGATGGT para um amplicon esperado de 249 pb 
para o WT não injetado. As reações de PCR foram configuradas usando AmpliTaq-Gold (Life 
Technologies) com um buffer apropriado, MgCl2, dNTPs e proporções equimolares dos três 
 39 
 
primers (M13 primer) a 5 pmol / µL com um volume final de 10ul. As condições de ciclagem 
térmica para a reação de PCR foram as seguintes: 12 minutos de desnaturação a 94°C, 40 
ciclos de amplificação (94°C por 30 segundos, 57°C por 30 segundos, 72°C por 30 segundos), 
extensão final a 72°C por 10 minutos, seguida de uma espera infinita às 4oC. Os produtos da 
PCR (2.5ul) foram misturados com uma solução de 10ul contendo o corante GeneScan 400 
HD ROX (Life Technologies) e Hi-Di-Formamide (Life Technologies) (diluição 1: 100) e 
desnaturado a 95 ° C durante 5 minutos em um termociclador de PCR. O produto de PCR 
desnaturado foi avaliado Genetic Analyzer 3130xl (Applied biosystem) usando os parâmetros 
do módulo CRISPR-STAT como descrito em Varshney et al. (2016). Os resultados foram 
analisados usando o software Gene Mapper (Life Technologies) e as diferenças nos tamanhos 
de fragmentos separados por eletroforese em gel capilar fragmentado foram determinadas. As 
mutações de inserções ou deleções (InDels) foram identificadas por alterações picos/amplicon 
em relação ao amplicon WT. Em seguida, os adultos F0 sexualmente maduros (~ 3 meses de 
idade) foram cruzados com animais WT. Os embriões F1 foram aleatoriamente coletados para 
a reação da PCR fluorescente acoplado à eletroforese em gel capilar para identificar os 
fundadores F0 que transmitiram mutações para a progênie. Para essa finalidade, oito peixes 
machos F0 foram cruzados com oito fêmeas WT (cruzamento em casal) e oito fêmeas F0 
foram cruzadas com oito machos WT (cruzamento em casal). O DNA utilizado como molde 
na PCR fluorescente foi extraído de oito embriões individuais de cada cruzamento (F1) e 
utilizado na PCR fluorescente como descrito acima. Os fundadores F0 que apresentaram taxa 
de transmissão da mutação ≥40% foram identificados e selecionados para o cruzamento com 
os peixes WT (cruzamento em casal) para obter uma linha mutante estável (herança 
mendeliana) e os peixes da progênie F1 foram criados até a idade adulta. Quando F1 atingiu a 
fase juvenil (~ 2 meses) eles foram genotipados para a identificação de genótipos 
heterozigotos usando PCR fluorescente como descrito acima. O DNA utilizado como molde 
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na PCR fluorescente foi extraído da ponta da cauda de 96 peixes selecionados aleatoriamente. 
A frequência do genótipo heterozigoto na F1 foi então identificada. 
 
Análise do fenótipo epm2a- / - 
A avaliação do fenótipo foi realizada em larvas F1 obtidos por meio  do cruzamento de dois 
fundadores injetados (F0 x F0) que transmitiram a mutação à sua progênie a uma taxa ≥40%. 
A análise do fenótipo foi realizada em WT e F1 (epm2a-/-) aos 4 dias pós-fertilização (dpf). 
Inicialmente, avaliamos a sensibilidade das larvas F1 mutantes ao agente químico 
convulsivante pentilenotetrazol (PTZ), através da expressão do marcador de ativação neuronal 
pERK usando a técnica imunofluorescência whole-mount. Resumidamente, as larvas de F1 de 
4 dpf foram transferidas para uma placa de Petri contendo 15 mM de PTZ por 60 minutos (n = 
4). O mesmo procedimento foi realizado para larvas de WT, mas em uma placa de petri 
contendo apenas água do sistema (n = 4). Após uma hora de exposição a PTZ, os animais 
foram sacrificados em imersão prolongada na solução do anestésico Tricaína (300 ug/ml). 
Após a eutanásia, a cabeça de cada larva individual foi fixada em 4% de paraformaldeído 
(PFA) over-night (ON) a 4oC. O corpo de cada larva F1 individual foi coletado para extração 
de DNA e genotipado usando PCR fluorescente como descrito acima. Em seguida, avaliamos 
o efeito anticonvulsivante do tratamento com indometacina em larvas epm2a-/- analisando a 
expressão do marcador de ativação neuronal pERK. Para isso, as larvas de F1 com 4 dpf 
foram transferidas para uma placa de Petri contendo 100 uM de indometacina durante 60 
minutos (n = 4). Após uma hora, os animais foram transferidos para uma placa de petri 
contendo 15 mM de PTZ durante 60 minutos (n = 4). Em seguida, os animais foram 
sacrificados por imersão prolongada ao anestésico tricaína. Após a eutanásia, a cabeça de cada 
larva individual foi fixada em 4% de paraformaldeído (PFA) ON a 4oC. O corpo de cada larva 
F1 individual foi coletado para extração de DNA e genotipado como descrito acima. A análise 
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qualitativa do fenótipo utilizando imunofluorescência whole-mount foi examinada apenas em 
larvas mutantes F1 (epm2a- / -) e nas larvas WT. 
 
Whole-mount Imunofluorescência  
O protocolo de whole-mount imunofluorescência utilizado foi adaptado de Randlett et al. 
(2015) (31). Após a fixação em PFA 4% over-night (O/N), as larvas foram lavadas três vezes 
com 1xPBST (pH 7,4) durante 10 minutos/lavagem a temperatura ambiente sob agitação 
suave. Em seguida, as larvas foram incubadas em uma solução de 3% de H2O2 e 5% de KOH 
até a remoção completa da pigmentação. Em seguida, as larvas foram lavadas três vezes  com 
1xPBST (pH 7,4) durante 10 minutos/lavagem a temperatura ambiente sob agitação suave e 
fixados novamente em PFA 4%  por uma hora a temperatura ambiente. Em seguida, as larvas 
foram lavadas três vezes  com 1xPBST (pH 7,4) durante 10 minutos/lavagem a temperatura 
ambiente sob agitação suave e incubadas em solução de 1 ml de Tris-HCl 150 mM (pH 9,0) a 
70°C por 15 minutos. Logo após, as larvas foram lavadas três vezes  com 1xPBST (pH 7,4) 
durante 10 minutos/lavagem a temperatura ambiente sob agitação suave e foi realizada a 
permeabilização com 0.5% tripsina-EDTA por 45 minutos no  gelo. Em seguida, as larvas 
foram lavadas três vezes  com 1xPBST (pH 7,4) durante 10 minutos/lavagem a temperatura 
ambiente sob agitação suave. Após a lavagem,  foi feito o bloqueio  com 1xPBST + 1% de 
BSA + 2% de Normal Goat Serum (NGS) + 1% de DMSO por 1 hora temperatura ambiente 
sob agitação suave. Após a remoção da solução de bloqueio, foi acrescentada a solução do 
anticorpo primário pERK (Cell Signaling, 4370S) (diluição 1: 500) em 1xPBST + 1% de BSA 
+ 1% de DMSO e incubada com  agitação suave a 4oC ON. Em seguida, as larvas foram 
lavadas três vezes  com 1xPBST (pH 7,4) durante 10 minutos/lavagem a temperatura 
ambiente sob agitação suave. Após a lavagem as amostras foram incubadas com anticorpo 
secundário Alexa Fluor 488 (Cell Signaling, 4412S) (diluição 1: 500) em 1xPBST + 1% de 
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BSA + 1% de DMSO no escuro a 4oC ON. Após as incubação com o anticorpo secundário foi 
realizada a lavagem com 1xPBST (pH 7,4) e as larvas de zebrafish foram montadas em 
agarose low melting 1%.  
 
Imagem 
As imagens foram obtidas utilizando usando um sistema confocal Zeiss LSM 880 equipado 
com um módulo Airyscan, montado em um microscópio Zeiss Axio Observer Z1 invertido 
com lente de objetivo LDIC LCI Plan-Apochromat 25x / 0.8 de imersão em água (Carl Zeiss 
Inc., Thornwood, NY , EUA). Todas as imagens foram adquiridas no modo LSM 880 usando 
um detector GaAsP-PMT de 32 canais. Um comprimento de onda de excitação de 488nm 
(2,0%) foi utilizado para a detecção do Alexa Fluor 488. A emissão fluorescente foi coletada 
em um filtro BP 491-559. A obtenção de múltiplas seções confocais no eixo Z foram 
coletadas com um intervalo de 1,337 µm. Todas as imagens confocais foram obtidas com um 
tamanho de quadro de 512 pixels por 512 pixels, varredura de zoom de 0,6 e linha média 8 
vezes. O pacote de software Zeiss ZEN 2.3 (preto) foi utilizado para aquisição e pós-
processamento das imagens. 
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ARTIGO 4 
 
Criação do zebrafish 
Os peixes adultos de zebrafish do tipo selvagem (wild-type) foram alojados em tanques de 30-
50 L (dois peixes/L) abastecidos por sistema de recirculação de água não-clorada através de  
filtração mecânica e biológica, mantidos a uma temperatura de 26 ± 2°C e no fotoperíodo 
controlado em períodos de claro e escuro de 10/14 horas, respectivamente. Os adultos foram 
alimentados três vezes ao dia com ração comercial em flocos (1x/dia) (Tetramin, Tetra, 
Blacksburg, VA), com artêmia (1x/dia) e  com camarão Mysis liofilizado (1x/dia) (First Bite 
Aquarium Foods, Lincolnshire, Reino Unido). Os embriões foram coletados através da 
reprodução natural dos peixes adultos e alojados em placas Petri contendo o meio E3 e 
abrigados na incubadora nas mesmas condições de temperatura e fotoperíodo dos animais 
adultos. Os embriões coletados foram aleatoriamente distribuídos entre os grupos 
experimentais. Todos os protocolos experimentais utilizados neste estudo foram revisados e 
aprovados pelo Comitê de Ética em Pesquisa Animal da Universidade de Campinas (#4646-
1/2017) 
 
Tratamento com o Azul de Metileno 
Zebrafish adulto naive (1:1 macho e fêmea) entre 8 a 12 meses de idade foram 
cuidadosamente transferidos do tanque de criação (30-50L) para um dos três tanques 
experimentais (15L; 6 peixes/tanque) e mantidos nas mesmas condições descritas acima. Um 
dos tanques experimentais foi preenchido com uma solução de 0.5 µM de Azul de Metileno 
(AM) (Sigma Aldrich, St. Louis, Missouri, EUA). Os outros dois tanques continham água não 
clorada sem a presença de AM. O AM foi administrado por imersão dos peixes adultos por 12 
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horas. Os animais não tratados com AM foram também alojados durante o mesmo período 
(12 h). A concentração de AM e o tempo de exposição foram selecionados a partir do estudo 
de Echevarria et al. (2016) (102). 
 
Indução de crise epiléptica 
Após 12 horas de exposição na solução de AM, os animais foram cuidadosamente 
transferidos individualmente e colocados em um béquer de 250 mL contendo uma solução de 
15 mM do agente químico convulsivante  Pentilenotetrazol (PTZ) (Sigma Aldrich, St. Louis, 
Missouri, EUA) durante 5 minutos (AM + PTZ; n = 6). O mesmo procedimento foi realizado 
para um grupo de animais não tratados com AM (PTZ; n = 6). Os animais controle (não 
tratados com AM) foram mantidos em um copo de 250 mL durante 5 minutos período, em um 
béquer de 250 mL contendo apenas água não-clorada sem a presença de PTZ (CNT; n = 6). 
Durante a exposição à PTZ  foi avaliada a latência para atingir o início do primeiro episódio 
de crise epiléptica  convulsão.  
 
Avaliação comportamental  
Após cinco minutos de exposição a PTZ, os animais foram cuidadosamente transferidos e 
colocados individualmente em 250 mL contendo água não clorada para a remoção do PTZ 
residual. Após o lavagem, os animais foram transferidos para um tanque de observação de 1.5 
L de formato trapezoidal contendo água não-clorada. O tanque trapezoidal (15 cm de altura x 
28 cm superior x 23 cm de inferior x 7 cm de largura) foi dividido em duas partes iguais por 
uma linha horizontal desenhada no exterior da parede do tanque. Como o tanque trapezoidal é 
estreito, ele restringe a natação em uma direção lateral, mas permite natação em direções 
horizontais e verticais sendo comumente utilizado para a avaliação comportamental  do 
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zebrafish adulto (39, 103). O comportamento de natação de cada peixe foi gravado 
individualmente (vista lateral) por cinco minutos usando uma câmera digital. O mesmo 
procedimento de manipulação foi realizado para animais do grupo controle. O teste 
comportamental ocorreu entre as 09:00 e as 12: 00h. O teste comportamental, bem como a 
quantificação do comportamento manual e automático foram realizados como descrito 
anteriormente por Wong et al. (2010) (104). Os seguintes parâmetros foram avaliados para a 
quantificação manual: perda de postura corporal, duração da perda da postura, “explosão” de 
hiperatividade, natação circular, natação em espiral, espasmos, movimentos erráticos, 
comportamento de congelamento, duração do comportamento de congelamento, tempo gasto 
na metade superior (topo) do tanque e número de transições para a metade superior. A perda 
de postura corporal é caracterizada por uma posição anormal do corpo em que o peixe vira 
para um lado afundando onde permanece no fundo do tanque imóvel por pelo menos 3 
segundos ou mais (54). As explosões de hiperatividade são definidas por mudanças rápidas na 
direção em alta velocidade (39, 103, 104). A natação circular é definida por ataques rápidos 
de natação repetitiva em círculos (39, 103, 104). A natação em espiral é definida pela natação 
em um caminho espiral / helicoidal (39, 103, 104). Os espasmos são definidos por contrações 
espontâneas do corpo (39, 103, 104). Os movimentos erráticos são definidos por rápidas 
mudanças de direção em alta velocidade com duração menor que explosões de hiperatividade 
(39, 103, 104). O congelamento é definido por uma ausência total / falta de movimento, 
exceto as brânquias e os olhos por pelo menos 2 segundos ou mais (39, 103, 104). O 
comportamento da natação foi quantificado manualmente da seguinte forma: primeiro, 
avaliou-se a presença ou ausência de cada comportamento durante o período de observação de 
5 minutos para cada peixe individual. Em seguida, a frequência (%) de cada comportamento 
foi avaliada para cada grupo experimental. Além disso, a soma de todos padrões comportais 
característicos de crise epiléptica exibidos para cada peixe foi avaliada usando uma escala de 
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0 a 5 (perda de postura corporal, explosões de hiperatividade, natação circular, natação de 
espiral e espasmos). Essa escala foi desenvolvida para avaliar a gravidade/intensidade da crise 
epiléptica no modelo zebrafish, semelhante a escala de Racine em roedores, no qual uma 
maior pontuação reflete maior gravidade das crises (104, 105). A quantificação manual do 
comportamento de natação foi realizada por um observador treinado (39). Além disso, a 
gravação de vídeo também foi utilizada para a análise automatizada de quantificação da 
atividade de natação para avaliar a média de velocidade e a distância total percorrida dentro 
da arena do tanque trapezoide usando o software de rastreamento EthoVision (Noldus 
Information Technology). Após os 5 minutos de gravação do comportamento, os animais 
foram anestesiados por resfriamento rápido e eutanasiados por decapitação (106). Depois 
disso, os cérebros foram coletados e armazenados a -80 ° C para posterior extração de RNA 
(n = 6 / grupo). 
 
PCR quantitativo em tempo real (qPCR) 
A análise de qPCR em tempo real foi realizada para investigar os níveis de expressão de 
RNAm dos genes selecionados. Resumidamente, o RNA total foi extraído das amostras CNT, 
PTZ e AM+PTZ pelo reagente TRIzol® (Invitrogen, Carlsbad, CA, EUA) de acordo com as 
instruções do fabricante, e sua concentração e qualidade foram determinadas com o 
espectrofotômetro EpochTM (BioTek, Winooski, VT, EUA) e eletroforese usando gel de 
agarose. O a síntese do cDNA foi realizada utilizando o kit High Capacity (Invitrogen, 
Carlsbad, CA, EUA) de acordo com as instruções do fabricante. Uma amostra sem RNA foi 
incluída na reação como controle negativo. As reações de qPCR foram realizadas utilizando o 
sistema de PCR em tempo real ABI 7500 (Applied Biosystems, Foster City, CA, EUA). As 
amostras foram feitas em triplicatas contendo 1× iTaq Universal SYBR Green Supermix 
(BioRad, EUA), 2ng / µl de cDNA, 2.5 µM de cada primer em um volume final de reação de 
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10 µl. Uma amostra sem cDNA foi incluída como controle negativo. Os primers foram 
desenhados pelo programa Primer3 ou selecionadas a partir do estudo de Singh et al. (2017) 
(107) e sintetizados localmente. A eficiência de amplificação da qPCR para cada conjunto de 
primers foram validadas. As condições de termociclagem da PCR foram utilizadas seguindo 
as instruções do fabricante e no final das reações de PCR, as amostras foram submetidas a 
uma análise da curva de dissociação para confirmar a especificidade da amplificação para 
cada gene. Em seguida, os valores do Ct foram importados para uma planilha de Excel para a 
análise relativa da expressão de genes. A expressão relativa do gene alvo foi calculada pelo 
método 2-ΔΔCt  utilizando o gene de referência ribosomal protein L13a  (rpl13a) (108). 
 
Análise Estatística 
Os resultados são apresentados como valores de média ± erro padrão da média (EPM). 
Análise estatística foi realizada utilizado o programa  GraphPad Prism versão 5.0 (GraphPad 
Software, San Diego, CA, EUA). Em todas as análises, o nível de significância foi definido 
para p ≤ 0.05. As comparações estatísticas entre dois grupos foram realizadas utilizando o 
teste Mann-Whitney. As comparações estatísticas entre mais de três grupos foram avaliadas 
por Análise de Variância one-way (ANOVA) e teste Bonferroni post-hoc. 
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ARTIGO 5 
 
Criação do zebrafish 
Os peixes adultos de zebrafish do tipo selvagem (wild-type) foram alojados em tanques de 30-
50 L (dois peixes/L) abastecidos por sistema de recirculação de água não-clorada através de  
filtração mecânica e biológica, mantidos a uma temperatura de 26 ± 2°C e no fotoperíodo 
controlado em períodos de claro e escuro de 10/14 horas, respectivamente. Os adultos foram 
alimentados três vezes ao dia com ração comercial em flocos (1x/dia) (Tetramin, Tetra, 
Blacksburg, VA), com artêmia (1x/dia) e  com camarão Mysis liofilizado (1x/dia) (First Bite 
Aquarium Foods, Lincolnshire, Reino Unido). Os embriões foram coletados através da 
reprodução natural dos peixes adultos e alojados em placas Petri contendo o meio E3 e 
abrigados na incubadora nas mesmas condições de temperatura e fotoperíodo dos animais 
adultos. Os embriões coletados foram aleatoriamente distribuídos entre os grupos 
experimentais. Todos os protocolos experimentais utilizados neste estudo foram revisados e 
aprovados pelo Comitê de Ética em Pesquisa Animal da Universidade de Campinas (nº 4645-
1 / 2017). 
 
Indução da crise epiléptica 
As larvas de zebrafish com cinco dpf foram divididas aleatoriamente entre os grupos controle 
e indução de crise epiléptica. A crise epiléptica foi induzida pelo agente químico 
convulsivante  Pentilenotetrazol (PTZ) (Sigma-St. Louis, Missouri, U.S.A). Cada larva de 
zebrafish foi cuidadosamente transferida e colocada individualmente em placas de cultura de 
24 poços (ThermoFisher, Waltham, MA, U.S.A) contendo uma solução 15 mM de PTZ 
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durante 60 minutos em temperatura ambiente. O mesmo procedimento foi realizado para o 
grupo de controle, mas em água livre de PTZ. 
 
Tratamento com hipotermia 
Imediatamente após os 60 minutos de exposição PTZ ou água livre de PTZ (controle), as 
larvas de zebrafish do grupo submetido à indução de crise epiléptica (PTZ) foram divididas 
aleatoriamente nos grupos PTZ-hipotermia (PH) e PTZ-normothermia (PN); e o grupo 
controle foi dividido aleatoriamente nos grupos controle-hipotermia (CH) e controle-
normotermia (CN). Para os grupos de hipotermia (CH e PH), as larvas de zebrafish foram 
cuidadosamente colocados em uma placa de cultura de 6 poços (ThermoFisher, Waltham, 
MA, EUA) contendo 4 ml de água (sem a presença de PTZ) a uma temperatura de  15oC±1oC 
durante 30 minutos. O mesmo procedimento foi realizado para os grupos de normotermia (CN 
e PN), mas em água mantida a 26oC±1oC. Os experimentos foram realizados em um tanque 
customizado para manter a placa de cultura em condição semelhante ao banho-maria para a 
garantir o controle da temperatura  durante o teste. Para garantir o controle de temperatura, a 
temperatura da água do  banho-maria foi monitorada usando um termômetro submerso no 
tanque e a temperatura da água em cada poço da placa foi examinada antes e após o 
experimento. Após os 30 minutos, as larvas do zebrafish foram crioeutanasiadas e suas 
cabeças foram coletadas para a extração de RNA total (n = 4 ou 5/grupo; pool de quatro 
larvas/amostra).  
 
Avaliação manual do padrão comportamental 
O comportamento de natação de cada larva foi filmado utilizando um microscópio digital 
(Celestron, Torrance, CA, EUA) imediatamente após a transferência para o poço contendo 
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água (sem a presença de PTZ) a temperatura hipotérmica ou normotérmica durante cinco 
minutos (n = 5 por grupo). É importante ressaltar que o comportamento foi avaliado 
imediatamente após a exposição ao PTZ. A avaliação do comportamento basal foi realizada 
para os grupos controle imediatamente após os 60 minutos de exposição à água livre de PTZ  
para a temperatura hipotérmica ou normotérmica. Dois observadores “cegos” em relação à 
condição experimental avaliaram as gravações de vídeo do comportamento. O comportamento 
de natação foi quantificado manualmente para os três padrões comportamentais: (1) atividade 
basal/natação normal, (2) comportamento semelhante à crise epiléptica e (3) movimentos 
semelhantes a espasmos (movimentos bruscos e movimentos de espasmos). Cada 
comportamento foi quantificado pelo número de vezes em que o foi exibido durante a 
gravação de 5 minutos. Em seguida, a média de cada comportamento para cada grupo 
experimental (normothermia (CN e PN) e hipotermia (CH e PH)) foi calculada.  
 
PCR quantitativo em tempo real (qPCR) 
A análise de qPCR em tempo real foi realizada para investigar os níveis de expressão de 
RNAm dos genes selecionados. Resumidamente, o RNA total foi extraído das amostras CN, 
PN e PH usando TRIzol® (Invitrogen, Carlsbad, CA, EUA) de acordo com as instruções do 
fabricante, e sua concentração e qualidade foram determinadas com o espectrofotômetro 
EpochTM (BioTek, Winooski, VT, EUA) e eletroforese usando gel de agarose. O a síntese do 
cDNA foi realizada utilizando o kit High Capacity (Invitrogen, Carlsbad, CA, EUA) de 
acordo com as instruções do fabricante. Uma amostra sem RNA foi incluída na reação como 
controle negativo. As reações de qPCR foram realizadas utilizando o sistema de PCR em 
tempo real ABI 7500 (Applied Biosystems, Foster City, CA, EUA). As amostras foram feitas 
em triplicatas contendo 1× iTaq Universal SYBR Green Supermix (BioRad, EUA), 2ng / µl 
de cDNA, 2.5 µM de cada primer em um volume final de reação de 10 µl. Uma amostra sem 
 51 
 
cDNA foi incluída como controle negativo. Os primers foram desenhados pelo programa 
Primer3 ou selecionadas a partir de estudos publicados e sintetizados localmente (27, 107, 
109). A eficiência de amplificação da qPCR para cada conjunto de primers foram validadas. 
As condições de termociclagem da PCR foram utilizadas seguindo as instruções do fabricante 
e no final das reações de PCR, as amostras foram submetidas a uma análise da curva de 
dissociação para confirmar a especificidade da amplificação para cada gene. Em seguida, os 
valores do Ct foram importados para uma planilha de Excel para a análise relativa da 
expressão de genes. A expressão relativa do gene alvo foi calculada pelo método 2-ΔΔCt  
utilizando o gene de referência eukaryotic translation elongation factor 1 alpha 1, like 1 
(eef1a1a). 
 
Análise Estatística 
Os resultados são apresentados como valores de média ± erro padrão da média (EPM). 
Análise estatística foi realizada utilizado o programa  GraphPad Prism versão 5.0 (GraphPad 
Software, San Diego, CA, EUA). Em todas as análises, o nível de significância foi definido 
para p ≤ 0.05. As comparações estatísticas entre dois grupos foram realizadas utilizando o 
teste Mann-Whitney. As comparações estatísticas entre mais de três grupos foram avaliadas 
por Análise de Variância one-way (ANOVA) e teste Bonferroni post-hoc. 
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4. RESULTADOS 
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INDOMETHACIN TREATMENT PRIOR TO PENTYLENETETRAZOLE-
INDUCED SEIZURES DOWNREGULATES THE EXPRESSION OF IL1B AND 
COX2 AND DECREASES SEIZURE-LIKE BEHAVIOR IN ZEBRAFISH LARVAE 
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ABSTRACT  23 
 24 
Lafora progressive myoclonus epilepsy (Lafora disease, LD) is autosomal recessive inherited 25 
disease caused by mutations in the laforin (EPM2A) or malin (EPM2B) genes. LD is a fatal 26 
neurodegenerative disease characterized by seizures. Unfortunately, currently available 27 
antiepileptic drugs fail to control the seizures with the disease progression. Recently, it has 28 
been shown an increase of the inflammatory response along with the LD progression. 29 
Moreover, increasing evidence supports the role of inflammation in the epileptogenic process. 30 
In the past years the zebrafish has become widely used for high-throughput in vivo drug 31 
screening and for modeling human genetic diseases given to its advantageous biological 32 
features that are favorable to genetic manipulations. Notable, a previous study has shown that 33 
indomethacin treatment decreased the seizure frequency in the zebrafish chemical induced 34 
seizure model. In this study we generated a zebrafish model for LD using the CRISPR/Cas9 35 
gene editing technology and evaluated the effect of indomethacin treatment in the expression 36 
of the neuronal activity marker pERK in the epm2a knockout larvae. Our findings indicated 37 
that indomethacin treatment suppressed the pERK protein expression. In conclusion, the 38 
zebrafish model of Lafora Disease can effectively be used for drug screen and can be used in 39 
future studies for high-throughput drug screen to accelerate drug discovery for LD 40 
therapeutics.  41 
 42 
 43 
 44 
 45 
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1. INTRODUCTION 47 
Lafora Disease (LD) is a severe form of myoclonic epilepsy, characterized by early 48 
adolescence-onset and significant neurodegeneration that progresses to dementia and ataxia, 49 
leading to death within 10 years (1-3). Mutations in two genes, EPM2A (epilepsy progressive 50 
myoclonus type 2A gene) and the NHLRC1 (NHL repeat containing 1), also known as 51 
EPM2B, have been identified to be responsible for this disease (1-3). EPM2A and EPM2B 52 
encode the laforin and malin proteins respectively that play a critical role in the regulation of 53 
glycogen metabolism, a major source of stored energy in the body (1-3). The lack of these 54 
proteins is characterized by the accumulation of insoluble deposits of glycogen polymers 55 
(polyglucosan inclusions) called Lafora bodies (LB) in many cell types, including neurons 56 
and glial cells (1-3). Recently, it has been shown an increase of inflammatory mediators along 57 
with the disease progression in a mouse model of LD (4). Increasing evidence supports the 58 
role of brain inflammation in the epileptogenic process (5-14). It has been previously shown 59 
that the brain inflammation lowers seizure threshold (increase seizure susceptibility) and 60 
aggravated seizure activity (15-19). Therefore, the inflammatory markers have been widely 61 
explored a target for seizure suppression (20-24). A previous study from our group has shown 62 
that indomethacin, a non-steroidal anti-inflammatory drug (NSAID), decreased the seizure 63 
frequency in the zebrafish chemical-induced seizure model (21). The zebrafish has become a 64 
widely used model for in vivo drug screening given to its physiological similarity to mammals 65 
(25-28). Moreover, its high genetic homology to human genome combined with its 66 
advantageous biological features (high fecundity, external fertilization and development, and 67 
short generation time), makes zebrafish a genetically tractable model for genetic human 68 
disease studies (29-32). Notable, it has been previously validated that the screening of novel 69 
anticonvulsant compounds can be performed by evaluating the expression of the neuronal 70 
activity marker c-fos (25, 26, 33). Recently, the phosphorylated extracellular signal–regulated 71 
 
 
75 
 
kinase (ERK) has been validated as an indicator of neuronal activation (34). Therefore, the 72 
aim of the present study was to create a model for LD in zebrafish using the CRISPR/Cas9 73 
technology in order to perform a genotype-based drug screening for LD therapeutics. In the 74 
present study, we evaluated the effect of indomethacin treatment in the expression of the 75 
neuronal activity marker pERK in the epm2a knockout larvae. 76 
 77 
2. METHODS 78 
2.1. Zebrafish maintenance and husbandry 79 
Zebrafish wild-type (WT) genetic strain TAB-5 was raised and maintained at the NIH 80 
Zebrafish Facility according to standard procedures.  All injections were performed in the WT 81 
TAB-5.  82 
 83 
2.2. Establishing epm2a mutant line using CRISPR-Cas9 technology 84 
The sgRNA target site for epm2a exon 1 (GGCCGGAGATGGGGCTCT) was selected using 85 
the UCSC Genome Browser database connected with the ZebrafishGenomics track hub as 86 
previously described (35). The sgRNA and Cas9 mRNA were co-injected into one-cell stage 87 
embryos using 50 pg sgRNA and 300 pg Cas9 mRNA, with an injection volume of 1.4nl. The 88 
CRISPR/Cas9 target efficiency was performed by fluorescent PCR coupled with capillary gel 89 
electrophoresis as previously described (35). The DNA used as a template in the fluorescent 90 
PCR was extracted from 8 individual injected embryos (F0) and 8 un-injected embryos as 91 
previously described (35). The fluorescent PCR primers sequences to amplify the fragment 92 
encompassing the CRISPR/Cas9 target site were design as describe in Varshney et al. (2016) 93 
(35) and were custom made by Integrated DNA Technologies (IDT DNA) (35). The forward 94 
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primer containing the 5’ M13-FAM sequence 95 
was tgtaaaacgacggccagtGCATGTGACTTCAGACCGAAT  and reverse primer containing 96 
the 5’ PIGtail sequence was  gtgtcttACTGCACAGGACATGATGGT  for a 249-bp expected 97 
amplicon for the WT. The PCR reactions were set-up using AmpliTaq-Gold (Life 98 
Technologies) with an appropriate buffer, MgCl2, dNTPs, and equimolar ratios of the three 99 
primers (M13 primer) at 5 pmol/µL with a final volume of 10ul. The thermal cycling 100 
conditions for PCR reaction were as follows: 12 minutes denaturation at 94oC, 40 cycles of 101 
amplification  (94oC for 30 seconds, 57oC for 30 seconds, 72oC for 30 seconds), final 102 
extension at 72oC for 10 minutes followed by an infinite hold at 4oC. The labelled PCR 103 
products (2.5ul) were mixed with a 10ul solution containing the GeneScan 400 HD ROX dye 104 
(Life Technologies) and Hi-Di-Formamide (Life Technologies) (1:100 dilution) and 105 
denatured at 95°C for 5 minutes in a PCR Thermal cycler. Denatured PCR product was run on 106 
the Genetic Analyzer 3130xl using the CRISPR-STAT module parameters (91). Results were 107 
analyzed using Gene Mapper software (Life Technologies) and differences in fragment sizes 108 
separated via fragment capillary gel electrophoresis were determined. The insertions or 109 
deletions (InDels) mutations were identified by peak shifts with respect to the WT amplicon. 110 
Next, sexually mature F0 adults (~3 months old) were outcrossed to WT. The F1 embryos 111 
were screened using fluorescent PCR coupled with capillary gel electrophoresis to identify F0 112 
founders that transmitted germline mutations. For this, eight F0 adult male were outcrossed 113 
with eight WT female (pair-wise crossing) and eight F0 adult female were outcrossed with 114 
eight WT male (pair-wise crossing). The DNA used as a template in the fluorescent PCR was 115 
extracted from 8 individual embryos from each pair-wise crossing (F1) and screen using 116 
fluorescent PCR coupled with capillary gel electrophoresis as described above. The F0 117 
founders that presented germline transmission rate ≥40% were outcrossed to WT to obtain a 118 
stable mutant line and the F1 progeny fish were grown to adulthood. When F1 reach the 119 
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juvenile phase (~2 months) they genotyped for the screening for the identification of 120 
heterozygous genotype using fluorescent PCR coupled with capillary gel electrophoresis as 121 
described above. The DNA used as a template in the fluorescent PCR was extracted from 122 
clipped tails of  96 individual randomly selected F1 fish. Heterozygous F1 frequency was then 123 
evaluated.   124 
 125 
2.4. Phenotype analysis of epm2a-/- 126 
The phenotype evaluation was performed on  F1 offspring obtained by the inbreeding of two 127 
injected founders (F0 x F0) that transmitted the mutation to their progeny at a rate of ≥40%. 128 
The phenotype analysis was performed in WT and F1 (epm2a-/- ) at 4 days post-fertilization 129 
(dpf). First, we evaluated the F1 sensibility to the chemoconvusltant drug pentylenetetrazole 130 
(PTZ) by analyzing the expression of the neuronal activation marker pERK using whole- 131 
mount immunofluorescence staining. Briefly, F1 larvae at 4 dpf were transferred to a petri 132 
dish containing 15 mM of PTZ for 60 minutes (n = 4). The same procedure was performed to 133 
WT larvae, but in a petri dish containing system water (n=4). After one hour of PTZ 134 
exposure, the animals were euthanized by prolonged immersion bath in the anesthetic 135 
Tricaine solution (300ug/ml). After euthanasia, the head of each individual larva was fixed in 136 
4% paraformaldehyde (PFA) over-night at 4oC. The body of each individual F1 larva was 137 
collected for DNA extraction and genotyped using fluorescent PCR coupled with capillary gel 138 
electrophoresis as described above. Next, we evaluated the anticonvulsant effect of 139 
indomethacin treatment in epm2a-/- by analyzing the expression of the neuronal activation 140 
marker pERK using whole-mount immunofluorescence staining. For this, F1 larvae at 4 dpf 141 
were transferred to a Petri dish containing 100µM indomethacin for 60 minutes (n = 4). After 142 
one hour, the animals were transferred to a petri containing 15 mM of PTZ for 60 minutes (n 143 
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= 4). Next, the animals euthanized prolonged anesthesia immersion bath with tricaine. After 144 
euthanasia, the head of each individual larva was fixed in 4% paraformaldehyde (PFA) over- 145 
night at 4oC. The body of each individual F1 larvae was collected for DNA extraction and 146 
genotyped as described above. The phenotype analysis using whole-mount 147 
immunofluorescence was examined only in F1 homozygous (epm2a-/- ) and WT larvae. 148 
 149 
2.4.Whole-mount Immunofluorescence 150 
The immunofluorescence protocol used was adapted from Randlett et al. (2015) (34). Briefly, 151 
fixed larvae were washed 3x with 1xPBST (pH 7.4) for 10 minutes at room temperature (RT) 152 
with gentle agitation. Next, larvae were bleach in a solution of 3% H2O2 and 5%KOH until 153 
pigmentation has completely disappeared. Then, washed 3x with 1xPBST ) for 10 minutes at 154 
RT with gentle agitation and post-fixed in 4% PFA for 1 hour at RT. Next, washed 3x with 155 
1xPBST for 10 minutes at RT with gentle agitation and incubated in 1ml solution of 150mM 156 
Tris-HCl (pH 9.0) at 70oC for 15 minutes. Next, washed 3x with 1xPBST for 10 minutes at 157 
RT with gentle agitation and permeabilized in 0.5% Trypsin-EDTA for 45 minutes on ice. 158 
Next, washed 3x with an 1xPBST for 10 minutes at RT with gentle agitation and blocked in 159 
1xPBST + 1% BSA + 2% Normal Goat Serum (NGS) + 1%DMSO for 1 hour at RT with 160 
gentle agitation and then incubate over-night (ON) at 4oC in primary antibody (1:500 dilution) 161 
in 1xPBST + 1% BSA + 1%DMSO with gently agitation. Next, washed 3x with 1xPBST for 162 
10 minutes at RT with gentle agitation and then incubated with secondary antibody (1:500 163 
dilution) in 1xPBST + 1% BSA + 1%DMSO in the dark at 4oC ON. The primary pERK 164 
antibody (Cell Signalling, 4370S) was used for neuronal activity detection as described in 165 
Randelett at al. (2015) (31). The secondary antibody was Alexa Fluor 488 anti-rabbit (Cell 166 
Signalling, 4412S). Zebrafish larvae were mounted in 1% low-melt agarose and imaged using 167 
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a Zeiss LSM 880 confocal system.  168 
 169 
2.6.Imaging 170 
Confocal images were collected using a Zeiss LSM 880 confocal system fitted with an 171 
Airyscan module, mounted on an inverted Zeiss Axio Observer Z1 microscope with a water 172 
immersion LD LCI Plan-Apochromat 25x/0.8 DIC objective lens (Carl Zeiss Inc., 173 
Thornwood, NY, USA).  All images were acquired in LSM 880 mode using a 32-channel 174 
GaAsP-PMT detector.   An excitation wavelength of 488nm (2.0%) was used for detection of 175 
the Alexa Fluor 488.  Fluorescent emission was collected in a BP 491-559 filter.  Z-sections 176 
were collected with an interval of 1.337µm.  All confocal images were obtained with a frame 177 
size of 512 pixels by 512 pixels, scan zoom of 0.6 and line averaged 8 times.  Zeiss ZEN 2.3 178 
(black) software package was used for acquisition and post-processing of the images.   179 
 180 
3. RESULTS 181 
3.1. Establishing epm2a mutant line using CRISPR-Cas9 technology 182 
We have found that the non-injected WT embryos presented a genetic variation within  the  183 
PCR amplified sequence. The expected amplicon size for the non-injected WT was 249bp, 184 
however, the fluorescence PCR data revealed a 244bp and/or 247bp size (Figure 1). The  185 
genetic variations  that  might  be  present  within  the  PCR amplified sequence were 186 
searched against the GRCz11 zebrafish reference genome at the Ensembl database. As 187 
suspected, a 5bp deletion variation (TTTTG/-; rs513178432) was found within the amplicon 188 
sequence. This 5bp deletion matched with the 244bp amplicon size obtained and no other 189 
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variant was found that could explain the 2bp deletion correspondent to the 247bp. Because the 190 
GRCz11 zebrafish reference genome is originated from the Tuebingen strain and since the 191 
TAB-5 strain was made from a hybrid crossing between Tuebingen and AB lines, it might be 192 
presumed that this 2bp deletion might be an intra-strain variation (110). The fluorescent PCR 193 
peak profiles for injected epm2a-target exon 1 revealed a high sgRNA activity as indicated by 194 
the presence of multiple peaks (Figure 2). The injected embryos (F0) were raised to 195 
adulthood.  196 
When F0 fish achieved sexual maturity (~3 months old) they were outcrossed to WT. For this, 197 
eight F0 adult male were outcrossed with eight WT female (pair-wise crossing) and eight F0 198 
adult female were outcrossed with eight WT male (pair-wise crossing). The F1 progeny of 199 
each crossing was screened using fluorescent PCR coupled with capillary gel electrophoresis 200 
to identify F0 founders that transmitted germline mutations and the transmission rate. The 201 
germline screening revealed that the transmission rate ranged from 12.5% to 87.5% (table 1). 202 
The F1 embryos from the founders that presented germline mutation transmission rates ≥40% 203 
were raised to adulthood (table 1). When F1 fish achieved juvenile age (~ 2 months), the fin 204 
amputation was performed to obtain DNA for genotyping in order to identify the 205 
heterozygous fish using fluorescence PCR coupled with capillary gel electrophoresis. For the 206 
genotyping of F1 progeny, 96 juvenile fish were randomly selected. The insertions or 207 
deletions in the genomic target were identified by peak shifts with respect to the WT amplicon 208 
size of 244bp or 247bp (Figure 3). Among the 96 fish that were genotyped, 58 fish presented 209 
heterozygous genotype which represents a germline mutation rate of approximately 60%. 210 
 211 
3.2. Phenotype analysis of epm2a-/- 212 
The phenotype analysis using whole-mount immunofluorescence was examined only in F1 213 
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knockout epm2a-/-  and WT larvae. The genotype analysis of F1 progeny revealed the 214 
presence of homozygous and compound heterozygous mutations in the target site (Figure 4). 215 
The compound heterozygote genotype presents different deletions/insertions mutations in 216 
each allele of the targeted gene (Figure 4). The insertions or deletions in the genomic target 217 
were identified by peak shifts with respect to the WT amplicon size of 244bp or 247bp 218 
(Figure 4). Note that the insertions and/or deletions length varies around 10-30 base pairs at 219 
the cleavage site (Figure 4). The confocal slice imaging for WT larvae shows a widespread 220 
activation of neurons following one hour of 15mM PTZ exposure (WT+PTZ) in the 221 
telencephalon region compared to the WT control (Figure 4). Remarkable, the fluorescence 222 
intensity of the control group (epm2a -/-) indicates an increased activation of neurons in the 223 
telencephalon region compared to the WT control. Interestingly, F1 epm2a -/-  larvae treated 224 
with indomethacin  (epm2a -/- +indo+PTZ) presented a decreased of neuronal activation as 225 
compared to non-treated F1 epm2a -/-  larvae (epm2a -/- + PTZ) (Figure 4). 226 
 227 
4. DISCUSSION 228 
In the past years, zebrafish become powerful in vivo model for the screening of novel 229 
antiepileptic drugs and to forward genetic manipulation using CRISPR/Cas9 technology (13, 230 
29, 40, 76, 79). In this study, we established the first epm2a mutant line in the zebrafish for 231 
modeling Lafora Disease (LD). Moreover, we performed a rapidly phenotype assessment in 232 
the progeny obtained by the inbreeding of injected founders. The genotype analysis of F1 233 
progeny revealed the presence of homozygous and compound heterozygous mutations (Figure 234 
4). The epm2a knockout larvae presented a slight increase expression of the neuronal activity 235 
marker pERK compared to WT animals in the telencephalon region (Figure 5). Notable, the 236 
telencephalon region of zebrafish is homologous to the mammalian amygdala and 237 
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hippocampus, which are structures involved with the learning and memory process (65, 72). 238 
Because LD phenotype presents a late-onset, we evaluated the sensibility to the 239 
chemoconvulsant drug pentylenetetrazole (PTZ) exposure in epm2a knockout larvae by 240 
evaluating the pERK protein expression.  Our result has shown a sight increased of pERK 241 
protein expression in epm2a knockout larvae exposed to PTZ compared to WT exposed to 242 
PTZ (Figure 5). Notable, a previous study from our group showed that indomethacin 243 
treatment decreased the seizure frequency episodes and the mRNA expression of the neuronal 244 
activity marker c-fos in the zebrafish chemical-induced seizure model. In this study, we 245 
evaluated the effect of indomethacin treatment on the protein expression of the neuronal 246 
activity marker pERK in the epm2a knockout larvae. Our findings have shown that 247 
indomethacin treatment prior to PTZ exposure promoted a suppression of pERK protein 248 
expression in epm2a knockout larvae compared to non-treated epm2a knockout larvae 249 
exposed to PTZ (Figure 5). It should be noted that we evaluated the short-effect of 250 
indomethacin treatment in knockout zebrafish larvae. However, the prolonged treatment with 251 
indomethacin along with the disease progression should also be address. Moreover, there is a 252 
need for additional studies to fully characterize the LD phenotype in the zebrafish epm2a 253 
knockout model in the F2 progeny obtained by the pair-wise crossing of F1 heterozygous, 254 
representative of a Mendelian inheritance.  In conclusion, this model will allow performing 255 
drug-screening for LD treatment and accelerating the drug discovery for LD therapeutics.  256 
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FIGURES AND LEGENDS 369 
 370 
 371 
 372 
Figure 1. Fluorescence PCR profile plots from un-injected WT fish. The X-axis denotes the 373 
size of peaks, the Y-axis represents the peaks heights/intensity and the fragment size scale is 374 
shown on the top. (A) WT peak allele 244bp. (B) WT peak alleles: 244bp and 247bp.  375 
 376 
 377 
 378 
 379 
 380 
 381 
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 382 
Figure 2. Fluorescence PCR profile plots from epm2a sgRNA injected zebrafish. The X-axis 383 
denotes the size of peaks, the Y-axis denotes the peaks heights/intensity and the fragment size 384 
scale is shown on the top. Multiple peaks indicate high sgRNA efficiency.  385 
 386 
 387 
 388 
 389 
 390 
 391 
 392 
 393 
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 394 
Figure 3. Fluorescence PCR plot of F1 genotyping (F0 x WT). The X-axis represents the size 395 
of peaks, the Y-axis represents the peaks heights/intensity and the fragment size scale is 396 
shown on the top. Two peaks indicate the presence of the mutant and WT alleles. The red 397 
asterisks indicate the peaks from the WT allele and the black arrow indicate the mutant allele 398 
(heterozygous genotype). The plots A and shows insertion and the plots C and D show 399 
deletion mutation. 400 
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 401 
Figure 4. Fluorescence PCR plot of F1 genotyping (F0 x F0). The X-axis represents the size 402 
of peaks, the Y-axis represents the peaks heights/intensity and the fragment size scale is 403 
shown on the top. The red asterisks indicate the peak from the WT allele and the black arrow 404 
indicates the mutant alleles. The insertions or deletions in the genomic target were identified 405 
by peak shifts with respect to the WT amplicon size of 244bp or 247bp. 406 
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 407 
Figure 5. Confocal slice of 4 dpf zebrafish larvae stained for the neuronal activity marker 408 
pERK (green). Telencephalon (Te); Diencephalon (Di); Mesencephalon (Me). 409 
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Table 1. Germline mutation rates for each male and female founders.  410 
Founders n
o of embryos 
screened 
no of embryos with 
InDel mutation 
no of embryos with InDel 
mutation / no of embryos 
screened or % 
male (1) 8 1 1/8 or 12.5% 
male (2) 8 6 (x3) 6/8 or 75% 
male (3) 8 0 0/8 or 0% 
male (4) 8 2 2/8 or 25% 
male (5) 8 5 5/8 or 60% 
male (6) 8 0 0/8 or 0% 
male (7) 7 3 3/7 or 43% 
female (a) 8 4 4/8 or 50% 
female (b) 8 7 7/8 or 87.5% 
female (c) 8 5 5/8 or 60% 
female (d) 7 5 5/7 or 71% 
female (e) 8 0 0/8 or 0% 
female (f) 8 7 7/8 or 87.5% 
female (g) 8 0 0/8 or 0% 
female (h) 8 0 0/8 or 0% 
 411 
 412 
 413 
 414 
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ABSTRACT 460 
It has been previously shown that low dose of the antioxidant Methylene Blue (MB) exerts 461 
memory enhancing and neuroprotective effects in several neurodegenerative disorders. It is 462 
known that seizures trigger the increase of reactive oxygen species (ROS) and that the 463 
excessive production of ROS may lead to oxidative stress and promotes neuronal cell death. 464 
Drugs targeting the mitochondrial electron transport chain might represent a novel approach 465 
for novel anticonvulsant drugs. Therefore, in this study, we sought to evaluate the effect of 466 
MB treatment applied before seizure induction by pentylenetetrazole in adult zebrafish model. 467 
Thus, in the present study, we investigated the effect of MB treatment on c-fos mRNA 468 
expression levels, seizure onset latency and seizure like-behavior in adult zebrafish. In 469 
addition, we evaluated the antioxidant effect of MB treatment on transcriptional regulation of 470 
genes involved in oxidative stress and apoptosis. We have shown that MB prior to PTZ 471 
administration promoted a slight decrease on the distance moved and on the average swim 472 
velocity compared to non-treated animals. Moreover, the present study provides evidence that 473 
MB modulates c-fos, sod2 and casp3 mRNA expression. Based on our findings, we 474 
hypothesize that MB could be a promising strategy to minimize the damage associated with 475 
seizure activity.  476 
 477 
 478 
 479 
 480 
 481 
 482 
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1. INTRODUCTION 483 
Epilepsy is a neurological disorder characterized by the recurrence of unprovoked seizures 484 
that affects approximately 70 million people worldwide and, around 30% of these patients are 485 
pharmacoresistant to the current available antiepileptic drugs (AEDs) (1). In this regard, there 486 
is a clear need for discovery of novel AEDs  (1). The identification of novel AEDs relies on 487 
preclinical testing in animal models of acute seizure and epilepsy (2).  In the past years, the 488 
zebrafish model has become widely used as an alternative model to rodents for research into 489 
the pathophysiological and pathogenetic mechanisms underlying epilepsy as well as for 490 
screening of novel anticonvulsant drug (3-5). In zebrafish, the drug screening is usually 491 
performed against a chemoconvusltant drug such as pentylenetetrazole (PTZ) (6, 7). It has 492 
been previously shown that a PTZ-induced seizure triggers the expression of the synaptic 493 
activity-induced c-fos gene, epileptiform discharges and seizure-like behavior in the zebrafish 494 
model (8). Therefore, the screening of novel anticonvulsant drugs can be evaluated by 495 
investigating the delayed onset of PTZ-induced seizures (latency); suppression of c-fos 496 
expression; suppression of epileptiform discharges; and/or the reduction of seizure-like 497 
behavior in both, larvae and adults zebrafish (9-12). 498 
 499 
It is important to note that adverse effects associated with the continuous use of AEDs are 500 
related to cognitive impairment essential for the learning and memory process (10, 17-19). 501 
Therefore, there is a growing need for the discovery of novel anticonvulsant drugs with fewer 502 
side effects. Notably, a recent study has shown that some AEDs lead to cognitive deficits in 503 
adult zebrafish (10). Conversely, it has been shown that low dose of Methylene Blue (MB) 504 
exerts memory enhancing and neuroprotective effects in neurodegenerative disorders by 505 
stimulating the mitochondrial respiration and by attending the energy demand of the brain 506 
(20-27). It is known that seizures trigger increasing of reactive oxygen species (ROS), which 507 
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in turn may lead to oxidative stress and neuronal cell death (28-31). Notable, experimental 508 
evidences have shown that MB acts as ROS-scavengers, preventing the reduction of 509 
molecular oxygen (O2) to superoxide anion (O2-) by accepting electrons to the mitochondrial 510 
electron transport chain (32-34). In addition, several studies have shown that antioxidant 511 
therapy represents an alternative therapeutic approach for epilepsy treatment (4, 35-39). 512 
However, few studies explored the anticonvulsant effect of MB (34, 40). Therefore, in the 513 
present study we investigated the effect of MB treatment previous to PTZ-evoked seizure on 514 
the c-fos mRNA expression levels, seizure onset latency and the seizure like-behavior in adult 515 
zebrafish. In addition, we evaluated the antioxidant effect of MB treatment on the 516 
transcriptional regulation of genes related to oxidative stress and apoptosis.  517 
 518 
2. MATERIAL AND METHODS 519 
2.1. Zebrafish husbandry 520 
Wild-type adult zebrafish (Danio rerio) were housed in standard 30-50L tanks filled with 521 
non-chlorinated water cleared with mechanical and chemical filtration. The animals were 522 
maintained at 26°C ± 2oC and in a simulated photoperiod cycle of 10 h dark/14 h light. The 523 
animals were fed three times a day with commercial flake fish food (Tetramin, Tetra, 524 
Blacksburg, VA, USA) and once a day with arthemia and freeze-dried Mysis shrimp (First 525 
Bite Aquarium Foods, Lincolnshire, UK). All experimental protocols used in this study were 526 
reviewed and approved by the Ethical Committee for Animal Research of the University of 527 
Campinas (#4646-1/2017).  528 
 529 
 530 
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2.2. Methylene Blue treatment 531 
Adult naïve zebrafish male and female (1:1 female to male) between 8-12 months of age were 532 
carefully transferred from their home tank and placed to one of the three experimental tanks 533 
(15L; 6 fishes/tank) and maintained under conditions described above. One of the 534 
experimental tanks contained MB (Sigma Aldrich, St. Louis, Missouri, USA) dissolved in 535 
non-chlorinated water at a final concentration 0.5µM. The other two tanks contained non- 536 
chlorinated water without the presence of MB. The MB was administered by immerging adult 537 
zebrafish for 12 hours. The non-treated animals were also housed for 12 h before the test. MB 538 
concentration and time exposure were chosen based on the study of Echevarria et al. (2016) 539 
(102).  540 
 541 
2.3. Seizure induction   542 
After 12 hours of MB exposure, animals were carefully transferred and individually placed in 543 
a 250 mL beaker containing a solution of 15mM of the proconvulsant drug Pentylenetetrazole 544 
(PTZ) (Sigma Aldrich, St. Louis, Missouri, USA) for 5 minutes  (MB+PTZ; n = 6). The same 545 
procedure was performed for non-treated animals (PTZ; n = 6). Control group animals (non- 546 
treated) were maintained in a 250 mL beaker for the same period but in a PTZ-free water 547 
solution (CNT; n = 6). During PTZ exposure, the latency to reach seizure onset was 548 
evaluated. The schematic representation of the experimental design is shown in Figure 1. 549 
 550 
2.3. Behavioral analysis 551 
After five minutes of PTZ exposure, animals were carefully transferred and individually 552 
placed in a 250 mL containing non-chlorinated water in order to remove any residual PTZ. 553 
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After washout, the animals were transferred to a 1.5-L observation tank (trapezoidal) filled 554 
with non-chlorinated water. The trapezoidal tank (15cm height x 28cm top x 23cm bottom x 555 
7cm width) was previous divided into two equal parts by a horizontal line draw in the outside 556 
of the tank wall. Because the trapezoidal tank is narrow it restricts the swimming in a lateral 557 
direction but allows the swimming in a horizontal and vertical directions and it is commonly 558 
used for behavioral evaluation (41, 42). The swimming behavior of each fish was individually 559 
recorded (side view) for five minutes using a digital camera. The same handling procedure 560 
was performed to the animals from control group. Behavioral testing took place between 9am  561 
to noon. The behavioral testing as well as the manual and automatic behavior quantification 562 
was performed as previously described by Wong et al. (2010) (41). The following behavior 563 
endpoints were evaluated for the manual quantification: loss of body posture, duration of the 564 
loss, hyperactivity bursts, circular swimming, corkscrew swimming, spasms, erratic 565 
movements, freezing behavior, duration of freezing behavior, time spent in the upper half 566 
(top) of the tank and number of transitions to the upper half. The loss of body posture is 567 
characterized by an abnormal body position in which the fish falls to on the side and sinks to 568 
the bottom of the tank where it remains immobile for at least 3 seconds or longer (8). 569 
Hyperactivity bursts is defined by rapid changes in direction in a high velocity (41-43). 570 
Circular swimming is defined by rapid bouts of repetitive swimming in circles (41-43). 571 
Corkscrew swimming is defined by swimming in a spiral/ helical path. Spasms are defined by 572 
spontaneous body twitches (41-43). The erratic movements are defined by rapid changes in 573 
direction in a high velocity lasting shorter than hyperactive swimming (41-43). Freezing is 574 
defined by a total absence/lack of movement, except for the gills and eyes for at least 2 575 
seconds or longer (41-43). The swimming behavior was manually quantified as follows:  576 
First, the presence or absence of each behavior during five minutes of observation for each 577 
individual fish. Next, the frequency (%) of each behavior was evaluated for each experimental 578 
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group. Moreover, the sum of all seizure behavior endpoints exhibited for each fish was rated 579 
using a scale of 0 - 5 (loss of body posture; hyperactivity bursts; circular swimming; 580 
corkscrew swimming; and spams). This scale was developed for seizure severity assessment 581 
in zebrafish seizure model, and it is similar to the Racine’s scale in rodents, in which the 582 
higher score reflects more seizure severity (28). The manual quantification of swimming 583 
behavior was performed by an expert observer (42). Furthermore, the video recorded was also 584 
used for an automated quantification of the swimming activity by using the EthoVision 585 
tracking software (Noldus Information Technology) in order to evaluate the velocity and total 586 
distance moved within the tank arena. After each recording session, individual animals were 587 
anaesthetized by rapid chilling followed by euthanasia through decapitation (44). After that, 588 
the brains were collected and immediately frozen in -80oC for further RNA extraction  (n = 589 
6/group) (Fig.1). 590 
 591 
2.4. Real-time quantitative PCR (qPCR) 592 
Real-time qPCR analysis was carried out to investigate the mRNA expression levels of 593 
selected genes (Table 1). Briefly, total RNA was extracted using TRIzol® (Invitrogen, 594 
Carlsbad, CA, USA) according to the manufacturer instructions, and its concentration and 595 
quality were determined with EpochTM spectrophotometer (BioTek, Winooski, VT, USA) 596 
and electrophoresis using agarose gels. cDNA was generated using the High Capacity first- 597 
strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA, USA) according to the 598 
manufacturer instructions. A sample without RNA was run as a negative control. The qPCR 599 
reactions were performed using the ABI 7500 Real-Time PCR system (Applied Biosystems, 600 
Foster City, CA, USA). Samples were run in triplicate and contained 1× iTaq Universal 601 
SYBR Green Supermix (BioRad, USA) with 2ng/µl of cDNA, 2.5 µM of each of primer in a 602 
final reaction volume of 10 µl. A sample without cDNA was run as negative control. Primers 603 
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sequences were designed using the Primer3 program or selected from previously published 604 
studies and synthesized locally (Table 2) (45). The qPCR efficiencies of amplification for 605 
each primer set were validated. The PCR cycling conditions were used following the 606 
manufacturer instructions and at the end of the PCR reactions, samples were subjected to a 607 
dissociation curve analysis to confirm the specificity of amplification (supplemental material). 608 
After the run, cycle threshold values (Ct) data were imported into a Microsoft Excel 609 
spreadsheet for relative gene expression analysis. The 2-ΔΔCt method was used to find the  610 
relative expression of the target gene for each group  with the ribosomal protein L13a  611 
(rpl13a) as the reference gene (46).  612 
 613 
2.6. Statistical analysis 614 
Data are presented as mean values ± SEM. Statistical analysis was performed using the 615 
GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). In all analyses, the 616 
significance level was set as p < 0.05. Statistical comparisons between two groups were 617 
performed using the t-test (Mann–Whitney test). Statistical comparisons between multiple 618 
groups were tested by one-way analysis of variance (ANOVA) combined with the Bonferroni 619 
post-hoc test for multiple comparisons.  620 
 621 
3. RESULTS 622 
3.1. Effects of methylene blue treatment on seizure-like behavior  623 
No significant differences on seizure onset latency were found between MB treated 624 
(MB+PTZ) and non-treated fish exposed to PTZ (PTZ) (Fig.2). One female fish from the 625 
MB+PTZ group and two animals (one male and one female) from the PTZ group did not 626 
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present seizure episode during the five minutes of PTZ administration/exposure, and therefore 627 
those animals were excluded from the behavioral and real-time PCR analysis (Table 2). 628 
Moreover, the manual quantification revealed that although the duration of loss of body 629 
posture was longer and the frequency of the spasms movements was bigger in the PTZ 630 
animals compared to the MB+PTZ animals, no significant differences were 631 
found between groups (Fig. 3; Table 2). Although the CNT group did not display loss of body 632 
posture and corkscrew swimming, there was no statistically significant difference between 633 
MB+PTZ, PTZ and CNT groups (Fig. 3; Table 2). However, the cumulative seizure score was 634 
significantly higher in PTZ group compared to CNT group (Fig. 4; Table 2). Because the 635 
seizure score is based on the sum of all seizure endpoint behaviors the manifestation of 636 
hyperactive burst and circular swimming in the CNT animals might be associated with 637 
increased anxiety/stress promoted by the handling procedure (experimental manipulation) and 638 
to a novel environment (Fig.1). Besides, no difference was found on seizure severity score 639 
between MB+PTZ and PTZ (Fig. 4; Table 2).  640 
 641 
Additionally, our results showed no significant differences among MB+PTZ, PTZ and CNT 642 
groups for the traditional behavioral endpoints evaluated for exposure to the novel tank dive 643 
test (Fig.5; Table 2). Moreover, compared to PTZ fish the MB+PTZ animals spent less time in 644 
the upper half of the tank, but the difference between groups was not statistically significant 645 
(Fig.4; Table 1).  646 
 647 
 In addition to the manual quantification, the automated video tracking has shown no 648 
statistically significant difference among MB+PTZ, PTZ and CNT groups for the velocity and 649 
distance moved (Fig. 6). However, there was a slight decreased in the distance moved an in 650 
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the velocity mean in the MB+PTZ group compared to PTZ group, although it was not 651 
statistically significant between groups (Fig. 6). The swimming traces shown that the majority 652 
of CNT group animals had swim more in the bottom half of the tank whereas the PTZ group 653 
animals that did not remain in loss of body position had swim more in the upper half of the 654 
tank (Fig. 7). Moreover, the swimming traces revealed that the MB+PTZ group animals had a 655 
swim in both the top and the bottom of the tank, and, that two animals spent the majority of 656 
time immobile (Fig. 7). Noteworthy, that these two animals presented the highest duration of 657 
lost of body posture revealed by the manual behavior quantification. It is important to point 658 
out that the mortality rate after the five minutes of behavior recordings was zero.  659 
 660 
3.2 Effect of methylene blue treatment on the transcription expression modulation of 661 
genes involved in the neuronal activity, oxidative stress and apoptosis.  662 
It has been previously shown that the anticonvulsant property of novel compounds/drugs can 663 
be assessed by analyzing the c-fos expression suppression after PTZ-induced seizure (7, 47- 664 
49). Here we sought investigate whether MB treatment prior to PTZ-induced seizures affects 665 
the c-fos mRNA expression in the adult zebrafish brain. Our results showed that the c-fos 666 
mRNA levels were upregulated in the MB+PTZ group (4.86 ± 0.62) compared to PTZ  (2.03 667 
± 0.41) and CNT (1.08  ± 0.15) groups  (Fig. 8A). Moreover, although the c-fos mRNA levels 668 
were increased in the PTZ  (2.03 ± 0.41) compared to CNT (1.08  ± 0.15) group, it was not 669 
statistically significant between groups (Fig. 8A).  670 
 671 
Next, we evaluated the effect of MB treatment prior to PTZ-induces seizures on the 672 
mitochondrial superoxide dismutase 2 (sod2) mRNA expression. It has been previously 673 
reported that increased levels of ROS promote the induction SOD2 (50, 51). The SOD2 674 
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enzyme is the major antioxidant enzyme and catalyzes the conversion of the superoxide (O2-) 675 
free radicals into hydrogen peroxide (H2O2) and oxygen (O2) in the mitochondrial electron 676 
transport chain, assuring the maintenance basal cellular homeostasis of ROS (50). Our results 677 
revealed that the expression of sod2 mRNA remained unchanged in PTZ group (0.94 ± 0.06) 678 
compared to CNT group (1.06 ± 0.11)  (Fig.8B). Notable, the sod2 mRNA expression was 679 
found to be significantly downregulated in MB+PTZ animals (0.71 ± 0.02) compared to CNT 680 
animals (1.06 ± 0.11) and no difference was found between MB+PTZ (0.71 ± 0.02) and PTZ 681 
animals (0.94 ± 0.06)  (Fig.8B).  682 
 683 
It is known that ROS are important modulators of multiple cellular functions and that the 684 
imbalance between ROS production and its removal by the antioxidant defense system leads 685 
to oxidative stress, promoting neuronal death (28-31). Previous evidences showed that 686 
cysteinyl aspartate-specific protease-3 (caspase-3) activation mediates neuronal death 687 
following SE whereas B-cell leukemia-2 (Bcl-2) acts by protecting neurons from cell death 688 
(52, 53). Therefore, in order to evaluate the neuroprotective effect of MB treatment prior to 689 
PTZ-induced seizures, we investigated the transcription expression of the pro-apoptotic 690 
caspase-3 and anti-apoptotic blc2 genes (52-54). MB treatment promoted a significant 691 
decrease in casp3 mRNA levels in MB+PTZ (0.59 ± 0.04) animals compared to CNT animals 692 
(1.05 ± 0.11) (Fig.8C). Although the casp3 mRNA levels were lower in MB+PTZ animals 693 
(0.59 ± 0.04) compared to PTZ animals (0.96 ± 0.08), no significant difference was observed 694 
between groups  (Fig.8C). Moreover, MB treatment did not lead to a significant difference in 695 
bcl2 mRNA expression between MB+PTZ (0.93 ± 0.07), PTZ (1.03 ± 0.12) and CNT (1.04 ± 696 
0.09) groups (Fig.8D).   697 
 698 
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4. DISCUSSION 699 
It has been previously shown that a low dose of MB reduced cognitive deterioration in 700 
Alzheimer’s and Parkinson’s disease (23, 27, 55). Furthermore, many reports have been 701 
shown the neuroprotective propriety of the MB in various neurological disorders (25, 56-58). 702 
In the present study, we exposed adult zebrafish to a low dose of MB  (0.5 µM) for 12 hours 703 
prior to PTZ-induced seizures followed by behavior response assessment and the c-fos mRNA 704 
expression in order to evaluate its neuroprotective effects.  705 
 706 
Our results showed that the MB treatment leads to no significant differences in seizure onset 707 
latency (Fig.2) and seizure severity (Fig.4) between MB+PTZ and PTZ groups. However, the 708 
manual quantification revealed that although the duration of loss of body posture was longer 709 
and, the frequency of the spasm movements was bigger in the PTZ animals compared to 710 
MB+PTZ animals, no significant differences were found between groups (Fig. 3; Table 2). 711 
The seizure-like behavior in the adult zebrafish is characterized by five stages in which the 712 
last stage is the loss of body posture (59). Thus, a seizure episode is characterized when the 713 
animal reaches the last stage of the seizure behavior (8). Therefore, it is plausible to consider 714 
that the duration of loss of the body posture after PTZ administration might indicate that the 715 
animals from MB+PTZ group returned faster to the swimming activity after reaching stage 5. 716 
Moreover, the MB treatment prior to PTZ administration promoted a slight decrease in the 717 
distance moved (cm) and the average swim velocity (cm/s) compared to non-treated animals 718 
(PTZ group), even though, there was no statistically significant difference between groups 719 
(Fig.6). It has been previously validated that an anticonvulsant effect should reflect a decrease 720 
of the velocity and distance moved (9). Although we have not found a statistical difference in 721 
the automatic behavior parameters between MB+PTZ and PTZ groups, it is important to 722 
highlight that two animals of PTZ group remained much more time in position of loss of body 723 
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posture, which may have influenced the final behavior response (Fig.6 and Fig 7). Therefore, 724 
our results might indicate a potential anticonvulsant effect of the MB. In addition, our 725 
behavior findings are in accordance with previous studies that have shown that upon exposure 726 
to a novel tank, the fish exposed to PTZ tend to swim more in the top of the tank whereas the 727 
CNT animals tend to swim more in the bottom of the tank (Fig. 7) (41). 728 
 729 
Interestingly, the levels of c-fos mRNAs were markedly increased by the MB treatment 730 
(Fig.8A). Notable, previous reports have shown that exogenous antioxidants increased the c- 731 
fos mRNA levels (72, 73). Moreover, several studies have shown that the c-fos expression is 732 
activated after training tasks and is involved in memory formation; thus, we speculate if this 733 
c-fos up-regulation could be involved in events involving synaptic plasticity during memory 734 
formation (65-71).  735 
 736 
Experimental evidences have shown that seizure activity induces excessive ROS production, 737 
revealing that seizures contribute to oxidative stress (74-76). In the mitochondrial electron 738 
transport chain, the molecular oxygen (O2) acts as an electron acceptor in which the transfer 739 
of a single electron to O2 forms superoxide anion (O2-) (77). However, the over-production of 740 
ROS due to an imbalance between ROS production and elimination by the antioxidant 741 
defense system culminates in oxidative stress (78). Since the direct measurements of ROS 742 
levels are difficult, as ROS are highly reactive and thus transient, the activity of free radical 743 
scavenging enzymes can be assessed as indirect markers of oxidative stress (111). The 744 
mitochondrial manganese superoxide dismutase (MnSOD or SOD2) is one of the major 745 
antioxidant enzymes against free radicals production generated by mitochondrial respiration 746 
(79, 80).  The SOD2 enzyme catalyzes the dismutation of the superoxide free radical (O2-) 747 
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into hydrogen peroxide (H2O2) and oxygen (O2) in the mitochondrial electron transport chain 748 
and its expression is upregulated by oxidative stress (50, 80, 81). It has been previously 749 
shown that seizures induce overproduction of superoxide (O2-) free radicals and, that an 750 
increased level of ROS promotes the induction SOD2 (74, 76, 82).  Therefore, we asked 751 
whether acute PTZ exposure could modulate sod2 mRNA expression immediately after PTZ- 752 
induced seizures. Our results showed that acute PTZ exposure did not lead to a significant 753 
change of sod2 mRNA expression between CNT and PTZ groups (Fig.4B). Remarkably, MB 754 
treatment prior to PTZ-induced seizures significantly downregulated sod2 mRNA expression 755 
the in MB+PTZ group compared to non-treated CNT animals (Fig.4B). It has been previously 756 
shown that the Sod2+/− heterozygous knockout mice presented a significant decrease on 757 
seizure onset latency (83). Notable, our results have shown that although the sod2 mRNA 758 
levels were decrease after the MB treatment prior to PTZ-induced seizures, no significant 759 
difference was found in seizure onset latency between BM+PTZ and PTZ groups (Fig.2). It 760 
has been reported that MB acts as an alternative electron acceptor in the electron transport 761 
chain and that the competition kinetics between MB and O2 favors the reduction of MB, thus 762 
inhibiting the superoxide formation (21, 22, 32, 84). Therefore, we speculated that MB might 763 
play a role in sod2 mRNA regulation.  764 
 765 
It is known that the excessive production of ROS promotes mitochondrial destabilization, 766 
leading to oxidative stress and the subsequent activation of cell death pathways (28-31). The 767 
neuroprotective actions of the MB have been previously reported in a variety of neurological 768 
disorders (21, 25, 56-58).  Our results showed that MB treatment prior to PTZ-induced 769 
seizures promoted a significant decrease in the caspase-3 mRNA expression compared to 770 
CNT animals, and although the casp3 mRNA levels in MB+PTZ group were decreased 771 
compared to the PTZ group, no significant difference was found between groups (Fig.8C). 772 
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Moreover, we have found that MB treatment did not lead to significant differences in anti- 773 
apoptotic bcl2 mRNA expression between groups (Fig.8D). It is important to note that the 774 
Sod2 overexpression was related to a protection against seizure-induced neuronal death (74) 775 
whereas SOD2 dysfunction has been associated with neurodegeneration (50, 85). Therefore, 776 
although we have found a decreased of sod2 mRNA following MB treatment, this decreased 777 
did not reflect on an increased of the pro-apoptotic marker caspase-3.  Thus, our result 778 
suggests that the antioxidant action of MB might play a role on casp3 modulation.  779 
 780 
5. CONCLUSION 781 
Altogether, the present study provides evidence that MB modulates c-fos, sod2 and casp3 782 
mRNA expression. Based on our findings, we hypothesize that MB can be a promising 783 
strategy to minimize the damage associated with seizure activity. Additional studies are 784 
clearly needed to explore the adjunct effect of MB treatment with currently available AEDs 785 
on seizure suppression. 786 
 787 
 788 
 789 
6. ACKNOWLEDGMENTS  790 
This work was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo 791 
(FAPESP) #2014/15640-8 and Brazilian Institute of Neuroscience and Neurotechnology 792 
(BRAINN) CEPID-FAPESP (#2013/07559-3). PB received fellowship from FAPESP 793 
(#2013/19151-9). 794 
 795 
 108 
 
7. REFERENCE 796 
1. Pitkänen A, Löscher W, Vezzani A, Becker AJ, Simonato M, Lukasiuk K, et al. Advances in the 797 
development of biomarkers for epilepsy. Lancet Neurol. 2016;15(8):843-56. 798 
2. Moshé SL, Perucca E, Ryvlin P, Tomson T. Epilepsy: new advances. Lancet. 799 
2015;385(9971):884-98. 800 
3. Griffin A, Krasniak C, Baraban SC. Advancing epilepsy treatment through personalized genetic 801 
zebrafish models. Prog Brain Res. 2016;226:195-207. 802 
4. Rahn JJ, Bestman JE, Josey BJ, Inks ES, Stackley KD, Rogers CE, et al. Novel Vitamin K analogs 803 
suppress seizures in zebrafish and mouse models of epilepsy. Neuroscience. 2014;259:142-54. 804 
5. Baraban SC, Dinday MT, Hortopan GA. Drug screening in Scn1a zebrafish mutant identifies 805 
clemizole as a potential Dravet syndrome treatment. Nat Commun. 2013;4:2410. 806 
6. Cunliffe VT. Building a zebrafish toolkit for investigating the pathobiology of epilepsy and 807 
identifying new treatments for epileptic seizures. J Neurosci Methods. 2016;260:91-5. 808 
7. Baxendale S, Holdsworth CJ, Meza Santoscoy PL, Harrison MR, Fox J, Parkin CA, et al. 809 
Identification of compounds with anti-convulsant properties in a zebrafish model of epileptic 810 
seizures. Dis Model Mech. 2012;5(6):773-84. 811 
8. Baraban SC, Taylor MR, Castro PA, Baier H. Pentylenetetrazole induced changes in zebrafish 812 
behavior, neural activity and c-fos expression. Neuroscience. 2005;131(3):759-68. 813 
9. Afrikanova T, Serruys AS, Buenafe OE, Clinckers R, Smolders I, de Witte PA, et al. Validation of 814 
the zebrafish pentylenetetrazol seizure model: locomotor versus electrographic responses to 815 
antiepileptic drugs. PLoS One. 2013;8(1):e54166. 816 
10. Kundap UP, Kumari Y, Othman I, Shaikh MF. Zebrafish as a Model for Epilepsy-Induced 817 
Cognitive Dysfunction: A Pharmacological, Biochemical and Behavioral Approach. Front Pharmacol. 818 
2017;8:515. 819 
11. Gupta P, Khobragade SB, Shingatgeri VM. Effect of Various Antiepileptic Drugs in Zebrafish 820 
PTZ-Seizure Model. Indian J Pharm Sci. 2014;76(2):157-63. 821 
12. Cho SJ, Byun D, Nam TS, Choi SY, Lee BG, Kim MK, et al. Zebrafish as an animal model in 822 
epilepsy studies with multichannel EEG recordings. Sci Rep. 2017;7(1):3099. 823 
13. Raimondo JV, Burman RJ, Katz AA, Akerman CJ. Ion dynamics during seizures. Front Cell 824 
Neurosci. 2015;9:419. 825 
14. Lasoń W, Chlebicka M, Rejdak K. Research advances in basic mechanisms of seizures and 826 
antiepileptic drug action. Pharmacol Rep. 2013;65(4):787-801. 827 
15. Androsova G, Krause R, Borghei M, Wassenaar M, Auce P, Avbersek A, et al. Comparative 828 
effectiveness of antiepileptic drugs in patients with mesial temporal lobe epilepsy with hippocampal 829 
sclerosis. Epilepsia. 2017;58(10):1734-41. 830 
16. Niquet J, Baldwin R, Suchomelova L, Lumley L, Eavey R, Wasterlain CG. Treatment of 831 
experimental status epilepticus with synergistic drug combinations. Epilepsia. 2017;58(4):e49-e53. 832 
17. Moavero R, Santarone ME, Galasso C, Curatolo P. Cognitive and behavioral effects of new 833 
antiepileptic drugs in pediatric epilepsy. Brain Dev. 2017;39(6):464-9. 834 
 109 
 
18. Beltramini GC, Cendes F, Yasuda CL. The effects of antiepileptic drugs on cognitive functional 835 
magnetic resonance imaging. Quant Imaging Med Surg. 2015;5(2):238-46. 836 
19. Eddy CM, Rickards HE, Cavanna AE. The cognitive impact of antiepileptic drugs. Ther Adv 837 
Neurol Disord. 2011;4(6):385-407. 838 
20. Echevarria DJ, Caramillo EM, Gonzalez-Lima F. Methylene Blue Facilitates Memory Retention 839 
in Zebrafish in a Dose-Dependent Manner. Zebrafish. 2016;13(6):489-94. 840 
21. Poteet E, Winters A, Yan LJ, Shufelt K, Green KN, Simpkins JW, et al. Neuroprotective actions 841 
of methylene blue and its derivatives. PLoS One. 2012;7(10):e48279. 842 
22. Yang SH, Li W, Sumien N, Forster M, Simpkins JW, Liu R. Alternative mitochondrial electron 843 
transfer for the treatment of neurodegenerative diseases and cancers: Methylene blue connects the 844 
dots. Prog Neurobiol. 2017;157:273-91. 845 
23. Rojas JC, Bruchey AK, Gonzalez-Lima F. Neurometabolic mechanisms for memory 846 
enhancement and neuroprotection of methylene blue. Prog Neurobiol. 2012;96(1):32-45. 847 
24. Callaway NL, Riha PD, Bruchey AK, Munshi Z, Gonzalez-Lima F. Methylene blue improves 848 
brain oxidative metabolism and memory retention in rats. Pharmacol Biochem Behav. 849 
2004;77(1):175-81. 850 
25. Lu Q, Tucker D, Dong Y, Zhao N, Zhang Q. Neuroprotective and Functional Improvement 851 
Effects of Methylene Blue in Global Cerebral Ischemia. Mol Neurobiol. 2016;53(8):5344-55. 852 
26. Oz M, Lorke DE, Hasan M, Petroianu GA. Cellular and molecular actions of Methylene Blue in 853 
the nervous system. Med Res Rev. 2011;31(1):93-117. 854 
27. Atamna H, Kumar R. Protective role of methylene blue in Alzheimer's disease via 855 
mitochondria and cytochrome c oxidase. J Alzheimers Dis. 2010;20 Suppl 2:S439-52. 856 
28. Shin EJ, Jeong JH, Chung YH, Kim WK, Ko KH, Bach JH, et al. Role of oxidative stress in 857 
epileptic seizures. Neurochem Int. 2011;59(2):122-37. 858 
29. Méndez-Armenta M, Nava-Ruíz C, Juárez-Rebollar D, Rodríguez-Martínez E, Gómez PY. 859 
Oxidative stress associated with neuronal apoptosis in experimental models of epilepsy. Oxid Med 860 
Cell Longev. 2014;2014:293689. 861 
30. Aguiar CC, Almeida AB, Araújo PV, de Abreu RN, Chaves EM, do Vale OC, et al. Oxidative 862 
stress and epilepsy: literature review. Oxid Med Cell Longev. 2012;2012:795259. 863 
31. Chuang YC. Mitochondrial dysfunction and oxidative stress in seizure-induced neuronal cell 864 
death. Acta Neurol Taiwan. 2010;19(1):3-15. 865 
32. Salaris SC, Babbs CF, Voorhees WD. Methylene blue as an inhibitor of superoxide generation 866 
by xanthine oxidase. A potential new drug for the attenuation of ischemia/reperfusion injury. 867 
Biochem Pharmacol. 1991;42(3):499-506. 868 
33. Riedel W, Lang U, Oetjen U, Schlapp U, Shibata M. Inhibition of oxygen radical formation by 869 
methylene blue, aspirin, or alpha-lipoic acid, prevents bacterial-lipopolysaccharide-induced fever. 870 
Mol Cell Biochem. 2003;247(1-2):83-94. 871 
34. Furian AF, Fighera MR, Oliveira MS, Ferreira AP, Fiorenza NG, de Carvalho Myskiw J, et al. 872 
Methylene blue prevents methylmalonate-induced seizures and oxidative damage in rat striatum. 873 
Neurochem Int. 2007;50(1):164-71. 874 
35. Martinc B, Grabnar I, Vovk T. Antioxidants as a preventive treatment for epileptic process: a 875 
review of the current status. Curr Neuropharmacol. 2014;12(6):527-50. 876 
 110 
 
36. Abdel-Wahab AF, Afify MA, Mahfouz AM, Shahzad N, Bamagous GA, Al Ghamdi SS. Vitamin D 877 
enhances antiepileptic and cognitive effects of lamotrigine in pentylenetetrazole-kindled rats. Brain 878 
Res. 2017;1673:78-85. 879 
37. Mahfoz AM, Abdel-Wahab AF, Afify MA, Shahzad N, Ibrahim IAA, ElSawy NA, et al. 880 
Neuroprotective effects of vitamin D alone or in combination with lamotrigine against lithium- 881 
pilocarpine model of status epilepticus in rats. Naunyn Schmiedebergs Arch Pharmacol. 2017. 882 
38. Zhou H, Wang N, Xu L, Huang HL, Yu CY. Clinical study on anti-epileptic drug with B vitamins 883 
for the treatment of epilepsy after stroke. Eur Rev Med Pharmacol Sci. 2017;21(14):3327-31. 884 
39. Kiasalari Z, Khalili M, Shafiee S, Roghani M. The effect of Vitamin E on learning and memory 885 
deficits in intrahippocampal kainate-induced temporal lobe epilepsy in rats. Indian J Pharmacol. 886 
2016;48(1):11-4. 887 
40. Jelenković A, Jovanović MD, Bokonjić D, Maksimović M, Bosković B. Influence of NG-nitro-L- 888 
arginine methyl ester on clinical and biochemical effects of methylene blue in pentylenetetrazole- 889 
evoked convulsions. Vojnosanit Pregl. 2012;69(6):481-7. 890 
41. Wong K, Stewart A, Gilder T, Wu N, Frank K, Gaikwad S, et al. Modeling seizure-related 891 
behavioral and endocrine phenotypes in adult zebrafish. Brain Res. 2010;1348:209-15. 892 
42. Kulkarni P, Chaudhari GH, Sripuram V, Banote RK, Kirla KT, Sultana R, et al. Oral dosing in 893 
adult zebrafish: proof-of-concept using pharmacokinetics and pharmacological evaluation of 894 
carbamazepine. Pharmacol Rep. 2014;66(1):179-83. 895 
43. Kalueff AV, Gebhardt M, Stewart AM, Cachat JM, Brimmer M, Chawla JS, et al. Towards a 896 
comprehensive catalog of zebrafish behavior 1.0 and beyond. Zebrafish. 2013;10(1):70-86. 897 
44. Matthews M, Varga ZM. Anesthesia and euthanasia in zebrafish. ILAR J. 2012;53(2):192-204. 898 
45. Singh R, Khatri P, Srivastava N, Jain S, Brahmachari V, Mukhopadhyay A, et al. Fluoride 899 
exposure abates pro-inflammatory response and induces in vivo apoptosis rendering zebrafish (Danio 900 
rerio) susceptible to bacterial infections. Fish Shellfish Immunol. 2017;63:314-21. 901 
46. Xu H, Li C, Zeng Q, Agrawal I, Zhu X, Gong Z. Genome-wide identification of suitable zebrafish 902 
Danio rerio reference genes for normalization of gene expression data by RT-qPCR. J Fish Biol. 903 
2016;88(6):2095-110. 904 
47. Barbalho PG, Carvalho BS, Lopes-Cendes I, Maurer-Morelli CV. Cyclooxygenase-1 as a 905 
Potential Therapeutic Target for Seizure Suppression: Evidences from Zebrafish Pentylenetetrazole- 906 
Seizure Model. Front Neurol. 2016;7:200. 907 
48. Barbalho PG, Lopes-Cendes I, Maurer-Morelli CV. Indomethacin treatment prior to 908 
pentylenetetrazole-induced seizures downregulates the expression of il1b and cox2 and decreases 909 
seizure-like behavior in zebrafish larvae. BMC Neurosci. 2016;17:12. 910 
49. Simjee SU, Shaheen F, Choudhary MI, Rahman AU, Jamall S, Shah SU, et al. Suppression of c- 911 
Fos protein and mRNA expression in pentylenetetrazole-induced kindled mouse brain by isoxylitones. 912 
J Mol Neurosci. 2012;47(3):559-70. 913 
50. Flynn JM, Melov S. SOD2 in mitochondrial dysfunction and neurodegeneration. Free Radic 914 
Biol Med. 2013;62:4-12. 915 
51. De Leo ME, Borrello S, Passantino M, Palazzotti B, Mordente A, Daniele A, et al. Oxidative 916 
stress and overexpression of manganese superoxide dismutase in patients with Alzheimer's disease. 917 
Neurosci Lett. 1998;250(3):173-6. 918 
 111 
 
52. Meng DW, Liu HG, Yang AC, Zhang K, Zhang JG. Stimulation of Anterior Thalamic Nuclei 919 
Protects Against Seizures and Neuronal Apoptosis in Hippocampal CA3 Region of Kainic Acid-induced 920 
Epileptic Rats. Chin Med J (Engl). 2016;129(8):960-6. 921 
53. Weise J, Engelhorn T, Dörfler A, Aker S, Bähr M, Hufnagel A. Expression time course and 922 
spatial distribution of activated caspase-3 after experimental status epilepticus: contribution of 923 
delayed neuronal cell death to seizure-induced neuronal injury. Neurobiol Dis. 2005;18(3):582-90. 924 
54. Narkilahti S, Pirttilä TJ, Lukasiuk K, Tuunanen J, Pitkänen A. Expression and activation of 925 
caspase 3 following status epilepticus in the rat. Eur J Neurosci. 2003;18(6):1486-96. 926 
55. Oz M, Lorke DE, Petroianu GA. Methylene blue and Alzheimer's disease. Biochem Pharmacol. 927 
2009;78(8):927-32. 928 
56. Talley Watts L, Long JA, Chemello J, Van Koughnet S, Fernandez A, Huang S, et al. Methylene 929 
blue is neuroprotective against mild traumatic brain injury. J Neurotrauma. 2014;31(11):1063-71. 930 
57. Shen Q, Du F, Huang S, Rodriguez P, Watts LT, Duong TQ. Neuroprotective efficacy of 931 
methylene blue in ischemic stroke: an MRI study. PLoS One. 2013;8(11):e79833. 932 
58. Wen Y, Li W, Poteet EC, Xie L, Tan C, Yan LJ, et al. Alternative mitochondrial electron transfer 933 
as a novel strategy for neuroprotection. J Biol Chem. 2011;286(18):16504-15. 934 
59. Mussulini BH, Leite CE, Zenki KC, Moro L, Baggio S, Rico EP, et al. Seizures induced by 935 
pentylenetetrazole in the adult zebrafish: a detailed behavioral characterization. PLoS One. 936 
2013;8(1):e54515. 937 
60. Rodriguez P, Singh AP, Malloy KE, Zhou W, Barrett DW, Franklin CG, et al. Methylene blue 938 
modulates functional connectivity in the human brain. Brain Imaging Behav. 2017;11(3):640-8. 939 
61. Gonzalez-Lima F, Bruchey AK. Extinction memory improvement by the metabolic enhancer 940 
methylene blue. Learn Mem. 2004;11(5):633-40. 941 
62. Gonzalez-Lima F, Barksdale BR, Rojas JC. Mitochondrial respiration as a target for 942 
neuroprotection and cognitive enhancement. Biochem Pharmacol. 2014;88(4):584-93. 943 
63. Paban V, Manrique C, Filali M, Maunoir-Regimbal S, Fauvelle F, Alescio-Lautier B. Therapeutic 944 
and preventive effects of methylene blue on Alzheimer's disease pathology in a transgenic mouse 945 
model. Neuropharmacology. 2014;76 Pt A:68-79. 946 
64. Riha PD, Bruchey AK, Echevarria DJ, Gonzalez-Lima F. Memory facilitation by methylene blue: 947 
dose-dependent effect on behavior and brain oxygen consumption. Eur J Pharmacol. 2005;511(2- 948 
3):151-8. 949 
65. Tanimizu T, Kono K, Kida S. Brain networks activated to form object recognition memory. 950 
Brain Res Bull. 2017. 951 
66. Svarnik OE, Alexandrov YI, Gavrilov VV, Grinchenko YV, Anokhin KV. Fos expression and task- 952 
related neuronal activity in rat cerebral cortex after instrumental learning. Neuroscience. 953 
2005;136(1):33-42. 954 
67. Teather LA, Packard MG, Smith DE, Ellis-Behnke RG, Bazan NG. Differential induction of c-Jun 955 
and Fos-like proteins in rat hippocampus and dorsal striatum after training in two water maze tasks. 956 
Neurobiol Learn Mem. 2005;84(2):75-84. 957 
68. Fleischmann A, Hvalby O, Jensen V, Strekalova T, Zacher C, Layer LE, et al. Impaired long-term 958 
memory and NR2A-type NMDA receptor-dependent synaptic plasticity in mice lacking c-Fos in the 959 
CNS. J Neurosci. 2003;23(27):9116-22. 960 
 112 
 
69. Castilla-Ortega E, Pedraza C, Chun J, de Fonseca FR, Estivill-Torrús G, Santín LJ. Hippocampal 961 
c-Fos activation in normal and LPA₁-null mice after two object recognition tasks with different 962 
memory demands. Behav Brain Res. 2012;232(2):400-5. 963 
70. Barbosa FF, Santos JR, Meurer YS, Macêdo PT, Ferreira LM, Pontes IM, et al. Differential 964 
Cortical c-Fos and Zif-268 Expression after Object and Spatial Memory Processing in a Standard or 965 
Episodic-Like Object Recognition Task. Front Behav Neurosci. 2013;7:112. 966 
71. He J, Yamada K, Nabeshima T. A role of Fos expression in the CA3 region of the hippocampus 967 
in spatial memory formation in rats. Neuropsychopharmacology. 2002;26(2):259-68. 968 
72. Kaur J, Shalini S, Bansal MP. Influence of vitamin E on alcohol-induced changes in antioxidant 969 
defenses in mice liver. Toxicol Mech Methods. 2010;20(2):82-9. 970 
73. Keogh B, Allen RG, Tresini M, Furth JJ, Cristofalo VJ. Antioxidants stimulate transcriptional 971 
activation of the c-fos gene by multiple pathways in human fetal lung fibroblasts (WI-38). J Cell 972 
Physiol. 1998;176(3):624-33. 973 
74. Liang LP, Ho YS, Patel M. Mitochondrial superoxide production in kainate-induced 974 
hippocampal damage. Neuroscience. 2000;101(3):563-70. 975 
75. Kovac S, Domijan AM, Walker MC, Abramov AY. Seizure activity results in calcium- and 976 
mitochondria-independent ROS production via NADPH and xanthine oxidase activation. Cell Death 977 
Dis. 2014;5:e1442. 978 
76. Waldbaum S, Liang LP, Patel M. Persistent impairment of mitochondrial and tissue redox 979 
status during lithium-pilocarpine-induced epileptogenesis. J Neurochem. 2010;115(5):1172-82. 980 
77. Murphy MP. How mitochondria produce reactive oxygen species. Biochem J. 2009;417(1):1- 981 
13. 982 
78. Rowley S, Patel M. Mitochondrial involvement and oxidative stress in temporal lobe epilepsy. 983 
Free Radic Biol Med. 2013;62:121-31. 984 
79. Candas D, Li JJ. MnSOD in oxidative stress response-potential regulation via mitochondrial 985 
protein influx. Antioxid Redox Signal. 2014;20(10):1599-617. 986 
80. Folbergrová J, Ješina P, Nůsková H, Houštěk J. Antioxidant enzymes in cerebral cortex of 987 
immature rats following experimentally-induced seizures: upregulation of mitochondrial MnSOD 988 
(SOD2). Int J Dev Neurosci. 2013;31(2):123-30. 989 
81. Teruya R, Ikejiri AT, Somaio Neto F, Chaves JC, Bertoletto PR, Taha MO, et al. Expression of 990 
oxidative stress and antioxidant defense genes in the kidney of inbred mice after intestinal ischemia 991 
and reperfusion. Acta Cir Bras. 2013;28(12):848-55. 992 
82. Tejada S, Sureda A, Roca C, Gamundí A, Esteban S. Antioxidant response and oxidative 993 
damage in brain cortex after high dose of pilocarpine. Brain Res Bull. 2007;71(4):372-5. 994 
83. Liang LP, Patel M. Mitochondrial oxidative stress and increased seizure susceptibility in 995 
Sod2(-/+) mice. Free Radic Biol Med. 2004;36(5):542-54. 996 
84. Kelner MJ, Bagnell R, Hale B, Alexander NM. Methylene blue competes with paraquat for 997 
reduction by flavo-enzymes resulting in decreased superoxide production in the presence of heme 998 
proteins. Arch Biochem Biophys. 1988;262(2):422-6. 999 
85. Oh SS, Sullivan KA, Wilkinson JE, Backus C, Hayes JM, Sakowski SA, et al. Neurodegeneration 1000 
and early lethality in superoxide dismutase 2-deficient mice: a comprehensive analysis of the central 1001 
and peripheral nervous systems. Neuroscience. 2012;212:201-13. 1002 
 113 
 
 1003 
 1004 
FIGURES AND LEGENDS 1005 
 1006 
 1007 
Figure 1. Schematic representation of the experimental design used. Adult zebrafish (1:1 1008 
female to male) were carefully transferred from the house tank to one of the three 1009 
experimental tanks (n = 6/group). One of the experimental tanks was pre-filled with a solution 1010 
of 0.5µM methylene blue (MB) and the other two tanks contained non-chlorinated water 1011 
without MB. MB was administered by immersion of adult zebrafish for 12 hours. The non- 1012 
treated animals were also housed for 12 h. After 12h exposed to MB, the animals were 1013 
carefully transferred and individually placed in a 250 mL beaker containing a solution of 1014 
15mM of the proconvulsant drug Pentylenetetrazole (PTZ) for 5 minutes (AM+PTZ group). 1015 
The same procedure was performed for the animals maintained in one of the tanks without the 1016 
presence of MB (PTZ group). The animals from the third tank were used as a control group 1017 
(CNT group) and were also transferred to a 250 mL beaker for the same period but in a PTZ- 1018 
free water solution. Following five minutes, the animals were carefully transferred and 1019 
individually placed in a 250 mL containing non-chlorinated water in order to remove any 1020 
residual PTZ. The same procedure was performed for the CNT group.  After washout, the 1021 
animals were transferred to a 1.5-L observation tank and the swimming behavior of each fish 1022 
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was individually recorded for five minutes. After each recording session, individual animals 1023 
were anaesthetized by rapid chilling and euthanized by decapitation. After that, the brains 1024 
were collected and immediately frozen in -80oC for further RNA extraction. 1025 
 1026 
 1027 
 1028 
Figure 2. Seizure onset latency. Animals were exposed to pentylenetetrazole 15mM up to 5 1029 
minutes and latency to reach seizure onset was evaluated. Data are presented as mean ± SEM. 1030 
Statistical comparisons between two groups were performed using the Mann–Whitney test.  1031 
The significance level was set at p < 0.05. Abbreviations: MB+PTZ = Methylene blue pre- 1032 
treated animals exposed to pentylenetetrazole (n=5). PTZ = animals non-treated with 1033 
methylene blue and exposed to pentylenetetrazole (n = 4).   1034 
 1035 
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 1036 
Figure 3. Manual quantification of seizure behavior.  Seizure behavior was manually 1037 
quantified as presence or absence of each behavior during 5 minutes of observation as well for 1038 
the duration of the loss of posture for each fish. Next, frequency (%) of each behavior was 1039 
measured for each experimental group. Data are presented as mean ± SEM. Data are presented 1040 
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as mean ± SEM. One-way ANOVA followed by Bonferroni’s post hoc test was performed to 1041 
determine statically significant differences between groups.  One asterisk (*) indicated that 1042 
p <0.05. Abbreviations: MB+PTZ = Methylene blue pre-treated animals exposed to 1043 
pentylenetetrazole (n = 5). PTZ = animals non-treated with methylene blue and exposed to 1044 
pentylenetetrazole (n = 4).  CNT = control animals non-treated with methylene blue and not 1045 
exposed to pentylenetetrazole (n = 6). 1046 
 1047 
 1048 
 1049 
 1050 
 1051 
 1052 
 1053 
 1054 
 1055 
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 1056 
Figure 4. Seizure score. The cumulative seizure score was assessed by the sum of all seizure 1057 
behaviors exhibited for each fish in a scale of 0 - 5 as follows: (1) Loss of body posture, (2) 1058 
hyperactivity bursts; (3) circular swimming; (4) corkscrew swimming and (5) spams. Data are 1059 
presented as mean ± SEM. One-way ANOVA followed by Bonferroni’s post hoc test was 1060 
performed to determine statically significant differences between groups. One asterisk (*) 1061 
indicated that p <0.05. Abbreviations: MB+PTZ = Methylene blue pre-treated animals 1062 
exposed to pentylenetetrazole (n = 5). PTZ = animals non-treated with methylene blue and 1063 
exposed to pentylenetetrazole (n = 4).  CNT = control animals non-treated with methylene 1064 
blue and not exposed to pentylenetetrazole (n = 6). 1065 
 1066 
 1067 
 1068 
 1069 
 1070 
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 1071 
 1072 
Figure 5. Manual quantification of the swimming behavior in the novel tank test. Behaviors 1073 
were manually quantified for the presence or absence of each behavior during the 5 minutes 1074 
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observation period, as well as the duration of freezing behavior, the time spent in the upper half 1075 
(top) and the number of transitions to the upper half for each fish. Subsequent, the frequency 1076 
(%) of each behavior was assessed for each experimental group. Data are presented as 1077 
mean ± SEM. Data are presented as mean ± SEM. One-way ANOVA followed by Bonferroni’s 1078 
post hoc test was performed to determine statically significant differences between groups.  One 1079 
asterisk (*) indicated that p <0.05. Abbreviations: MB+PTZ = Methylene blue pre-treated 1080 
animals exposed to pentylenetetrazole (n = 5). PTZ = animals non-treated with methylene blue 1081 
and exposed to pentylenetetrazole (n = 4).  CNT = control animals non-treated with methylene 1082 
blue and not exposed to pentylenetetrazole (n = 6). 1083 
 1084 
 1085 
 1086 
Figure 6. Automated quantification of the swimming behavior. Automated behavioral was 1087 
performed by EthoVision tracking software (Noldus Information Technology). (A) distance 1088 
moved and (B) velocity. Data are presented as mean ± SEM. Data are presented as mean ± 1089 
SEM. One-way ANOVA followed by Bonferroni’s post hoc test was performed to determine 1090 
statically significant differences between groups.  The significance level was set at p < 0.05. 1091 
Abbreviations: MB + PTZ = Methylene blue pre-treated animals exposed to 1092 
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pentylenetetrazole (n = 5). PTZ = animals non-treated with methylene blue and exposed to 1093 
pentylenetetrazole (n = 4).  CNT = control animals non-treated with methylene blue and not 1094 
exposed to pentylenetetrazole (n = 6). 1095 
 1096 
 1097 
 1098 
 1099 
 1100 
 1101 
 1102 
 1103 
 1104 
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 1106 
 1107 
 1108 
 1109 
 1110 
 1111 
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Figure 7. Swimming behavior traces (side-view) of the total distance traveled.  Automated 1114 
behavioral tracking was performed by EthoVision tracking software (Noldus Information 1115 
Technology). Abbreviations: MB+PTZ = Methylene blue pre-treated animals exposed to 1116 
pentylenetetrazole (n = 5). PTZ = animals non-treated with methylene blue and exposed to 1117 
pentylenetetrazole (n = 4).  CNT = control animals non-treated with methylene blue and not 1118 
exposed to pentylenetetrazole (n = 6). # = fish number. 1119 
 1120 
 1121 
Figure 8. Relative mRNA expression. The mRNA expression levels were normalized to the 1122 
reference gene ribosomal protein L13a  (rpl13a). Data were analyzed using the 2-ΔΔCt method. 1123 
Results are expressed as mean ± SEM. Statistical analysis was performed using one-way 1124 
analysis of variance (ANOVA) combined with the Bonferroni post-hoc test for multiple 1125 
comparisons. One asterisk (*) indicated that p < 0.05; two asterisks (**) indicated that 1126 
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p < 0.001 and three asterisks (***) indicated that p < 0.0001. Abbreviations: MB+PTZ = 1127 
Methylene blue pre-treated animals exposed to pentylenetetrazole (n = 5). PTZ = animals 1128 
non-treated with methylene blue and exposed to pentylenetetrazole (n = 4).  CNT = control 1129 
animals non-treated with methylene blue and not exposed to pentylenetetrazole (n = 6). # = 1130 
fish number.  1131 
 1132 
 1133 
TABLES 1134 
 1135 
 1136 
 1137 
 1138 
 1139 
 1140 
 1141 
 1142 
 1143 
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Supplemental figure 1. Dissociation curve analysis to confirm specificity of amplification 
for each gene. The qPCR reactions were performed using the ABI 7500 Real-Time PCR 
system (Applied Biosystems). The PCR cycling conditions was used following the 
manufacturer instructions. Melting curve analysis is performed from 60 °C to 95 °C. The 
dissociation curve of PCR products appears as a single peak, indicating specificity of 
amplification for each gene.  
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ABSTRACT  
Growing evidence supports a neuroprotective effect of therapeutic hypothermia in several 
neurological conditions. Moreover, clinical and experimental studies reported that 
hypothermia suppressed electrographic activity and suggest that hypothermia can be used as 
an adjunct therapy along with antiepileptic drugs for the treatment of refractory epilepsy. 
However, little is known about the influence of hypothermia in the signaling cascades 
associated with the secondary injury process following seizures. In this study we investigated 
the short-term effect of hypothermia treatment, not associated with the use of antiepileptic 
drugs and applied immediately after seizures, in the transcription regulation of genes involved 
in the inflammatory response, neuronal-activity, neuroplasticity, neurotransmission and 
cellular death, as well as in seizure-like behavior in the zebrafish PTZ-seizure model. Our 
results revealed that hypothermia up-regulated the mRNA expression of c-fos, cox2b and 
hmgb1 genes and downregulated the transcript of bdnf gene. Moreover, hypothermia 
suppressed seizure-like behavior and it did not affect the swimming behavior of control 
hypothermia animals. Our findings provide insights into the involvement of c-fos, bdnf and 
hmgb1 mRNA expression which might underlie the neuroprotective effect of hypothermia 
following seizure activity. 
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1. INTRODUCTION 
 
Previous reports indicate that changes in body temperature influences neural functions (1-3). 
Several studies have shown that an increase in brain temperature might precipitate the 
occurrence of febrile seizures (FS) (4-6). FS is the most common type of seizures in infants 
and young children and it is defined as seizures that occur during fever in the absence of 
central nervous system (CNS) infection (1,7). Fever is a result from an immune challenge 
response (i.e. pathogenic infection) that leads to the recognition of the pathogen-associated 
molecular patterns (PAMPs) by the Toll-like receptors (TLRs) which triggers the innate 
immune cells activation (8). The immune cells activation promotes the release of 
inflammatory mediators, including interleukin-1 beta (IL-1β), interleukin-6 (IL-6), tumor 
necrosis factor alpha (TNFα) and prostaglandin E2 (PGE2), which act as endogenous 
pyrogens increasing body temperature beyond the normal physiologic range (8). The increase 
in body temperature is a host defense mechanism that is related with improvement in the 
survival rate (9). Although most FS are benign, it has been associated with an increased risk 
of developing temporal lobe epilepsy (TLE) in adulthood (1). Notably, experimental studies 
revealed that the intraperitoneal injection of the bacterial endotoxin lipopolysaccharide (LPS) 
induced peripheral inflammation by up-regulating the expression of IL-1β, IL-6, TNFα and 
cyclooxygenase-2 (COX-2) in the brain (10,11). Moreover, accumulating evidence suggest 
that increased levels of these inflammatory mediators in the SNC modulates neuronal 
excitability (12,13). Additionally, TLR signaling can also be activated by damage-associated 
molecular patterns (DAMPs) released by injured cells, such as the high mobility group box 
chromosomal protein 1 (HMGB1) (14). Notably, several reports have shown that the 
HMGB1-TLR4 interaction leads to activation of NF-κB, promoting the release of 
inflammatory cytokines  (15,16). Furthermore, several genes involved in immune response, 
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including IL-1β, IL-6, TNFα and COX-2 have been explored as genetic susceptibility factors 
for the occurrence of FS (112-115).  
 
In contrast to fever, hyperthermia is an increase in body temperature induced by external 
factors such as high environmental temperatures (21,22). Notably, there are several case 
reports of infants that presented seizures during hot-water bathing, indicating that exogenous 
increase of body temperature may precipitated/facilitates seizure occurrence (23-25). 
Remarkably, experimental evidences have shown that hyperthermia induced the secretion of 
endogenous fever mediators (26,27). Thus, hyperthermia induction has been used in animal 
models to mimic a febrile-range state for the study of the pathophysiological mechanism by 
which fever promotes seizures, as well in the susceptibility to the development of spontaneous 
and recurrent seizures in later life (116-118). The influence of high temperatures on neural 
functions has been widely explored in animal models of hyperthermia-induced FS (5, 31-33). 
Conversely, growing evidence supports a neuroprotective effect of therapeutic hypothermia in 
several neurological conditions such as traumatic brain injury (TBI) and hypoxic-ischemic 
injury (34-37). Moreover, clinical data from patients with refractory epilepsy and from 
experimental models of status epilepticus (SE) reported that hypothermia decreased 
electroencephalographic (EEG) activity of epileptiform discharges when associated with drug 
therapy and suggests that hypothermia can be used for the treatment of refractory SE (38-45). 
However, most of the studies that investigated the influence of hypothermia on signaling 
cascades associated with the secondary injury process following a brain insult are limited to 
TBI or hypoxic-ischemic injury. Therefore, in order to shed light on the mechanism 
underlying the anticonvulsant and neuroprotective effects mediated by hypothermia and, 
given the fact that this knowledge might lead to the development of therapies for seizures 
suppression, our main goal was to investigate the short-term effect of hypothermia treatment, 
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not associated with the use of antiepileptic drugs, immediately after induced-seizures on the 
transcription regulation of genes known to be involved in inflammatory response, neuronal-
activity, neuroplasticity, neurotransmission and cellular death as well in seizure-like behavior 
in the zebrafish PTZ-seizure model.  
 
2. MATERIALS AND METHODS 
2.1. Zebrafish husbandry 
Wild-type adult fish were housed in 30–50L tanks filled with non-chlorinated water cleared 
with mechanical and chemical filtration. Adult fish were maintained at 26°C ± 2oC and in a 
simulated photoperiod cycle of 10 h dark/14 h light. Adult fish were fed three times a day with 
commercial flake fish food (Tetramin, Tetra, Blacksburg, VA, USA) and once a day with 
arthemia and freeze-dried Mysis shrimp (First Bite Aquarium Foods, Lincolnshire, UK). 
Embryos were collected from a breeding population of adult male and female wild type after 
natural spawning. Embryos were housed using Petri dishes E3 medium in an incubator system 
at the same temperature and photoperiods that were used for maintaining the adults. For all 
experiments, we used siblings from the same clutch and distributed randomly into tested 
groups. All experimental protocols used in this study were reviewed and approved by the 
Animal Research Ethics Review Board of the University of Campinas (protocol #4645-
1/2017).  
 
2.2. Seizure induction   
Zebrafish larvae at five days post fertilization (dpf) from the same clutch were randomly 
divided into control and seizure groups. Seizure was induced using the proconvulsant drug 
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Pentylenetetrazol (PTZ) (Sigma-St. Louis, Missouri, U.S.A). PTZ mediates the inhibition of 
GABA signaling and it has been widely used in experimental models to induce seizures (46). 
Each zebrafish larvae were carefully transferred and individually placed in a 24-well culture 
plates (ThermoFisher, Waltham, MA, U.S.A) containing a 15-mM solution of PTZ for 60 
minutes at room temperature. The same procedure was performed for the control group but in 
a PTZ-free water solution.   
 
2.3. Hypothermia treatment  
Immediately following the 60 minutes of PTZ or PTZ-free (control) exposure, zebrafish 
larvae from the seizure group (PTZ) were randomly divided into the PTZ-hypothermia (PH) 
and PTZ-normothermia (PN) groups. The control group was randomly divided into the 
control-hypothermia (CH) and control-normothermia (CN) groups and carefully placed in a 6-
well culture plates (ThermoFisher, Waltham, MA, U.S.A). For the hypothermia groups (CH 
and PH) larvae were placed in the well containing 4 ml pre-chilled water at 15oC ± 1 oC 
within 30 minutes without the presence of PTZ. The same procedure was performed for the 
normothermia groups (CN and PN) but in water maintained at 26oC ± 1 oC. The experiments 
were performed using an in house custom-built tank to maintained temperature-controlled 
water bath during the test (Supplemental figure 1). To ensure temperature control, the water 
bath temperature was monitored using a thermometer submerged in the tank and the water 
temperature of each well was examined prior and after the experiment. Following the 30 
minutes, the zebrafish larvae were euthanized, and their heads was collected for RNA 
extraction (n = 4 or 5; four larvae were pooled as a sample). The schematic representation of 
experimental design is shown on supplemental figure 2. 
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2.4. Swimming behavior analysis 
The swimming behavior of each larva was recorded individually for five minutes using a 
digital microscope (Celestron, Torrance, CA, USA) immediately following the transfer to the 
well-plate containing the experimental water-bath temperature test as described above (n = 5 
per group). It is important to point out that the seizure-like behavior was evaluated 
immediately after the PTZ exposure and under hypothermic or normothermic water-bath 
temperature without the presence of PTZ. The baseline swimming behavior evaluation was 
performed for the control groups immediately after the PTZ-free water exposure and under 
hypothermic or normothermic water-bath temperature without the presence of PTZ. Two 
observers blinded with respect to the experimental condition evaluated the video recordings. 
The swimming behavior was manually quantified for three endpoints as follows: (1) baseline 
activity/normal swimming, (2) seizure-like behavior and (3) spams-like movements (whole-
body jerking and twitching movements). Each endpoint was quantified based on the number 
of times that the behavior was exhibited during the 5-min recording. Next, the average 
number of each endpoint behavior of each experimental group (normothermia (CN and PN) 
and hypothermia (CH and PH)) was calculated. The bar plots show the average number of the 
behavior of each experimental group.  
 
2.5. Real-time quantitative PCR (qPCR) 
Real-time qPCR analysis was carried out to investigate the mRNA expression levels of 
selected genes (table 1). Briefly, total RNA was extracted from CN, PN and PH samples using 
TRIzol® (Invitrogen, Carlsbad, CA, USA) according to the manufacturer instructions, and its 
concentration and quality were determined with the EpochTM spectrophotometer (BioTek, 
Winooski, VT, USA) and electrophoresis using agarose gels. cDNA was generated using the 
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High Capacity first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer instructions. A sample without RNA was run as negative 
control. The qPCR reactions were performed using the ABI 7500 Real-Time PCR system 
(Applied Biosystems, Foster City, CA, USA). Samples were run in triplicate and contained 1× 
iTaq Universal SYBR Green Supermix (BioRad, USA) with 2ng/µl of cDNA, 2.5 µM of each 
of primer in a final reaction volume of 10 µl. A sample without cDNA was run as negative 
control. Primers sequences were designed using Primer3 program 
(http://bioinfo.ut.ee/primer3-0.4.0/) or selected from previously published studies and 
synthesized locally (Table 1) (33, 47,48). The qPCR efficiencies of amplification for each 
primer set were validated. The PCR cycling conditions was used following the manufacturer 
instructions and at the end of the PCR reactions, samples were subjected to a dissociation 
curve analysis to confirm the specificity of amplification for each gene (supplemental figure 
3). After the run, the cycle threshold values (Ct) data were imported into a Microsoft Excel 
for the relative gene expression analysis. The mean fold change in relative expression of 
target gene at each group was calculated using the 2-ΔΔCt method and with the eukaryotic 
translation elongation factor 1 alpha 1a (eef1a1a) as reference gene.  
 
2.6. Statistical analysis 
Data are presented as mean values ± SEM. Statistical analysis was performed using the 
GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). In all the analyses, 
the significance level was set at p < 0.05. Statistical comparisons between two groups were 
performed using t-test (Mann–Whitney test). Statistical comparisons between multiple groups 
were tested by one-way analysis of variance (ANOVA) combined with the Bonferroni post-
hoc test for multiple comparisons. 
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3. RESULTS  
3.1. Effects of hyperthermia on seizure-like behavior  
First, we investigated whether hyperthermia treatment affects seizure-like behavior response. 
Animals that underwent hypothermia following PTZ-induced seizures (PH) exhibited a 
significantly decreased of seizure-like behavior compared to those maintained at 
normothermia (PN) (Figure 1A; supplementary video 1). PH larvae displayed more spasm-
like movements without any other behavior as compared with PN (Figure 1A; supplementary 
video 1). The spams-like behavior is an abnormal motor feature characterized by whole-body 
jerking and twitching movements, analogous to tonic-clonic seizures  (46,50). By contrast to 
PH, the PN larvae swam along the well exhibiting the previously described pattern of seizure-
like behavior (supplementary video 2). Thus, this result indicates that hypothermia did not 
completely abolish seizure-like behavior. Moreover, baseline activity was slightly decreased 
in the control group with hypothermia (CH) compared to the control group with 
normothermia (CN); however, this was not statistically different between groups (Figure 1C).  
Video recordings of a representative baseline swimming activity behavior in the CN and in 
the CH are shown in supplemental videos 3 and 4, respectively. Furthermore, no seizure-
behavior and no spams-like movements were detected in the NC or in the HC groups. 
Therefore, the spasms-like movements occurred exclusively in the seizure groups, PN and 
PH.  
 
3.2. Evaluation of c-fos mRNA expression following hyperthermia treatment  
c-fos is an inducible immediate early gene that is increased in response to a variety of stimuli 
in the CNS, including seizures (51). Because the c-fos expression levels reflect both an 
increased or decreased of neural activity, it has been widely used to validate experimental 
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models of seizures/epilepsy and for the screening of novel anticonvulsant drugs (52, 53). 
Clinical and experimental evidence indicate that hypothermia leads to decrease in seizure 
electrographic activity (38-45). Therefore, we investigate whether hypothermia following 
PTZ-induced seizures affects c-fos mRNA expression in 5 dpf zebrafish larvae. Our results 
showed that c-fos mRNA expression was significantly increased in both PN and PH groups 
compared with CN (Fig. 2; table 2). Noteworthy, we observed that c-fos mRNA levels 
increased approximately 4-fold in PH in comparison with fish maintained at normothermia 
following induced-seizures (PN) (Fig. 2; table 2).   
 
3.3. Effects of hyperthermia in transcriptional expression of GABAergic and 
glutamatergic receptors   
The neurophysiological process behind neural activity is associated with changes in neuronal 
membrane potentials (54). Ion flux through the neural membrane can either facilitates 
membrane depolarization, which leads to the generation of the action potential, or it can result 
in hyperpolarization which inhibits the firing of the action potential (54). Glutamate is the 
main excitatory neurotransmitter in the CNS and mediates excitatory synaptic transmission 
upon binding to metabotropic and ionotropic glutamate receptors (iGluRs) subtypes N-
methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) and kainite (KA) receptors; thus, leading to membrane depolarization and generation 
of action potentials (54). Conversely, gamma-aminobutyric acid (GABA) is the major 
inhibitory neurotransmitter in adult/mature CNS, and it mediates inhibitory synaptic 
transmission upon binding to GABA receptors, leading to membrane hyperpolarization, 
which ultimately inhibits firing of action potentials (54). The imbalance between excitatory 
and inhibitory neurotransmission triggers seizures (54). Indeed, GABA receptor agonists and 
glutamate receptors antagonists are the targets for most antiepileptic drugs (55-57). Moreover, 
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several studies reported that variations in brain thermal homeostasis may influence ion 
content which can lead to modulation of neural-activity (1-3, 6). Therefore, in this study we 
sought to investigate the effect of hypothermia in the transcriptional regulation of the human 
orthologous genes for the AMPA (GRIA1A, GRIA2A, GRIA3B) and NMDA glutamate 
receptors (GRIN1A and GRIN2B) as well the GABA receptor subunit alpha-1 (GABRA1) in 5 
dpf zebrafish larvae. Noteworthy, is that in the zebrafish the GABA excitatory-to-inhibitory 
action shift occurs around 2.5 dpf (58). Additionally, we also evaluate the effect of 
hypothermia in the expression of the glutamate decarboxylase  (GAD) isoenzymes 1 and 2, 
which are responsible for the conversion of glutamate into GABA (59). We found no 
significant difference in mRNA expression in all genes evaluated among CN, PN and PH 
groups (Fig. 3; table 2).  
 
3.4. Effects of hyperthermia treatment following PTZ-induced seizure in transcriptional 
modulation of Bcl-2 and caspase-3 
It is known that the imbalance of GABAergic and glutamatergic neurotransmission may leads 
to increased neuronal excitability that potentially culminate in an excitotoxic process/neuronal 
loss (119). Previous evidence have shown that cysteinyl aspartate-specific protease-3 
(caspase-3) activation mediates neuronal death following SE; whereas, B-cell leukemia-2 
(Bcl-2) acts protecting neurons from cell death (61). In this study we investigated the effects 
of hypothermia in mRNA expression of the pro-apoptotic caspase-3 and anti-apoptotic blc2 
genes (120-122). We found that induction of hypothermia did not lead to significant 
differences in mRNA expression of bcl2 and casp3 among CN, PN and PH groups (Fig. 4A 
and B; table 2).  
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3.5. Effects of hyperthermia in the transcriptional expression of the neuroplasticity 
marker BDNF 
Next, we sought to investigate whether hypothermia modulates the transcription expression of 
the brain-derived neurotrophic factor (BDNF). BDNF plays an important role in 
neurogenesis, synaptogenesis and synaptic plasticity of neuronal circuits under physiological 
and pathophysiological conditions, such as seizure activity (64). We have found that bdnf 
mRNA expression levels increased more than 3-fold in PN when compared to CN (Fig.5; 
table 2). Moreover, our results have shown that hypothermia treatment induced a significant 
decrease of bdnf mRNA levels in PH when compared to PN, but remained at a higher level 
when compared with the  CN group (Fig.5; table 2). 
 
3.6. Effects of hyperthermia in the transcriptional expression of genes involved in 
inflammatory response  
Next, we investigated whether hypothermia treatment following PTZ-induced seizures affects 
the transcription expression of the human orthologous genes for the COX-2, HMGB1, IL-6, 
IL-Iβ, and TNFα in zebrafish.  The COX-2 enzyme catalyzes conversion of arachidonic acid 
into prostaglandins, which are potent mediators of inflammation (65). Zebrafish have two 
copies for the human COX-2 gene as consequence of an evolutionary event that resulted in the 
whole-genome duplication, nominated as cox2a and cox2b (66). Our results have shown that 
cox2a mRNA expression was significantly increased in animals maintained at PN and PH 
compared with CN (Fig.6A; table 2). Moreover, the induction of hypothermia did not lead to 
significant differences in cox2a mRNA expression between PN and PH groups (Fig. 6A; table 
2). Notably, mRNA expression of cox2b levels increased approximately 3-fold in PH 
compared to PN (Fig. 6B; table 2). cox2b mRNA expression in PN was also increased, 
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although not at significant levels when compared to CN (Fig. 6B; table 2). There was a 
significant increase of hmgb1 levels in PH as compared to PN and to CN groups (Fig. 6C; 
table 2). Moreover, our results have shown that although mRNA levels of il1b were increased 
in PN and PH compared to the CN group, the differences among groups were not significant 
(Figure 6D; table 2).  Additionally, although mRNA expression levels of tnfa tended to be 
higher in both PN and PH groups in comparison with to CN, the differences among groups 
were again not statistically significant (Fig. 6E; table 2). Furthermore, our results have shown 
that mRNA expression of il6 was not statistically different in CN, PN and PH groups (Fig. 6F; 
table 2). 
 
4. DISCUSSION  
Given to its advantageous biological features and its high physiological and genetic homology 
to humans, the zebrafish has become a powerful in vivo model for studies of human diseases, 
including epilepsy (67, 68). The zebrafish has been widely used as a model of induced-
seizures and for screening of novel antiepileptic drugs (69-71). It has been shown that an 
elevation of temperature from 22 ± 0.1oC to 25.5 ± 0.3oC evoked epileptiform electrographic 
activity in zebrafish larvae (123). Recently, Menezes et al. (2017) showed that high 
temperature (30oC) increased and low temperature (22oC) decreased seizure onset latency in 
the adult zebrafish during PTZ-induced seizure (72). Although cumulative evidences support 
a neuroprotective role of therapeutic hypothermia in TBI and cerebral ischemic injury, the 
impact in epilepsy is still unclear. Therefore, in this study we evaluated the influence of 
hyperthermic temperature on transcription modulation of genes that are involved in molecular 
events following seizures. We aim to gain a better understanding of the possible role of 
hypothermia on seizure suppression. Therefore, we report here, for first time, the short-term 
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effects of transient hypothermia treatment, not associated with the use of antiepileptic drug, 
immediately after induced-seizures in the zebrafish seizure model.  
 
The zebrafish is an ectothermic vertebrate and therefore body temperature is influenced by 
changes of temperature in the environment (74). In their natural environment zebrafish are 
subject to daily as well as seasonal temperature variations ranging from 6°C to 38 °C (74). 
Previous reports have shown that zebrafish survive at a low temperatures of 12oC for 30 days 
(75) and at 18oC for one year (76). In this study, 5 dpf zebrafish larvae underwent a brief 
cold-bath treatment (15 ± 1oC for 30 minutes) immediately following PTZ-induced seizures.  
Our results have shown that hypothermia decreased seizure-like behavior, although it did not 
completely abolish seizure spasm-like behavior (Fig. 1A and 1B). The effect of hypothermia 
in zebrafish swimming behavior was also evaluated in control animals. We observed a 
slightly reduction of the baseline activity in swimming behavior in hypothermia controls as 
compared to normothermia control animals, although this was not statistically significant 
(Fig. 1C).  
 
Additionally, our findings revealed that hypothermia treatment promoted a pronounced 
increase of c-fos mRNA expression following PTZ-induced seizures when compared with 
animals maintained at normothermia following PTZ-induced seizures (Figure 2). This 
observation is in agreement with a previous study showing that hypothermia initiated after 
cerebral ischemia injury promoted an increase of c-Fos protein expression following 
reperfusion in the hippocampus and cerebral cortex in rodent (77). Moreover, it has been 
reported that hypothermia initiated during cerebral artery occlusion increased c-Fos 
expression within 3 hours following recirculation period (124). Another study have shown 
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that hypothermia initiated immediately after cerebral artery occlusion hasten c-Fos expression 
following recirculation in the gerbil hippocampus compared with normothermic animals, 
suggesting that this fast increase might be related to recovery mechanisms following focal 
ischemia (79). However, previous other studies suggest that hypothermia has no effect or 
promotes a decrease of c-Fos expression in a cerebral ischemia model (80, 81). Kamme et al. 
(1996) demonstrated that hypothermia did not affect c-Fos expression; however, a tendency 
towards an increase was observed in the CA3 region of the hippocampus following global 
cerebral ischemia (80). In addition, Pabello et al. (2005) showed that hypothermia initiated 
during cerebral artery occlusion significantly attenuated c-Fos expression, while hypothermia 
initiated following ischemia promoted an increase of expression compared to normothermia 
animal, although this was not statistically significant (81). By contrast, a prolonged increase 
of c-Fos expression has been associated with neuronal apoptosis in SE models (82). Although 
the functional significance of c-Fos expression in epilepsy remains controversial, increasing 
evidences supports its neuroprotective role (83-85). A previous study has shown that c-Fos 
knockout mice presented stronger seizures and increased neuronal death following kainic acid 
administration (85). Another study demonstrated that the suppression of c-Fos expression by 
antisense oligonucleotide increased tissue damage following focal cerebral ischemia (86). 
Recently, it has been reported that the induction of c-Fos expression protects against cellular 
death, whereas its suppression induces cellular death in a model of Huntington disease (83). 
Moreover, it has been shown that the c-Fos null-mice presented brain development 
impairment (85, 87). Therefore, based on previous evidence we could consider that the early 
enhancement of c-fos mRNA levels following hypothermia induction initiated immediately 
after PTZ-induced seizures might underlie a neuroprotective mechanism induced by 
hypothermia. However, additional studies are necessary to complement our findings and give 
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more insights into the role c-Fos expression in epilepsy as well as its role in neuroprotection 
inducted by hypothermia. 
 
It is well known that the imbalance between excitatory and inhibitory neurotransmission 
mechanism underlies seizure (54). Furthermore, previous studies showed that SE modulates 
the glutamate release and the expression of iGluRs and GABA receptors (88-92).  
Additionally, clinical and experimental evidence reported that hypothermia suppressed 
epileptiform electrographic activity during SE (125, 126). Notably, it has been shown that 
hypothermia modulates the expression of iGluRs and GABA receptors (93-95). Based on 
these previous evidence, we sought to evaluate the effect of hypothermia treatment alone, not 
combined with the use of antiepileptic drugs, in the transcriptional regulation of AMPA-type 
and NMDA-type glutamate receptors; gabra1 receptor as well the isoenzymes gad 1 and 2 in 5 
dpf zebrafish larvae. We observed no change in mRNA expression in CN, PN and PH groups 
for all genes evaluated (Fig.3). Schmitt et al. (2006) showed that although hypothermia 
treatment applied alone reduced the severity of seizure behavior it did not abolish 
electrographic seizure activity (41). In addition, the same study demonstrated that 
hypothermia treatment, when combined with low-dose diazepam treatment, resulted in a 
pronounced decrease of epileptic discharges; whereas, the low-dose diazepam alone had only 
a minor effect on seizure suppression in a SE model (41). Diazepam, a benzodiazepine 
derivative, promotes allosteric modulation of GABAA receptors (96, 97). However, it has 
been previously shown that diazepam activity may lose effectiveness for the treatment of 
recurrent seizures (98, 99). In addition, another study revealed that hypothermia treatment, 
initiated following midazolam application, presented a anticonvulsant effect in an SE model 
which as shown to be refractory to midazolam treatment alone (44). Likewise, midazolam is a 
benzodiazepine that acts as positive allosteric modulator of GABAA receptors (96, 100, 101). 
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Taken together, these studies suggest that hypothermia increased the sensitivity to treatment 
with diazepam and midazolam in SE. Therefore, we hypothesized that one hour of PTZ-
induced seizures may not be sufficient to observe significant changes in mRNA expression of 
gria-type, grin-type and gabra1 receptors as well as gad1 and 2 enzymes in CN and PN. 
 
Hypothermia has been found to exert neuroprotective effects against TBI and ischemic brain 
injury (37, 102). Experimental evidences have shown that hypothermia reduces the expression 
of caspase-3-mediated cell death and increases the anti-apoptotic Bcl-2 (103, 104). Thus, in 
this study we evaluated the influence of hypothermia in the modulation of the pro-apoptotic 
casp3 and anti-apoptotic bcl2 mRNA expression in the zebrafish seizure model. We have 
found that bcl2 and casp3 mRNA expression levels remained unchanged in CN, PN and PH 
groups (Fig.4). We speculate that the short-time evaluation of apoptosis following PTZ insult 
might not be sufficient to show the effect of repetitive seizures inducing neuronal death. In 
addition, PTZ-exposure might not be prolonged enough or may not reach the severity 
threshold to cause neuronal death. Therefore, further studies are needed to evaluate the 
temporal profile of casp3 and bcl2 mRNA expression following prolonged PTZ exposure and 
hypothermia treatment.  
 
The present study shows that bdnf mRNA expression was significant higher in animals 
maintained at normothermia following PTZ-induced seizures compared to those subjected to 
hypothermia treatment (Figure 5). Noteworthy, a previous report revealed a post-ischemic 
hypothermia increase of BDNF in the dentate gyrus but not in CA1 and CA3 regions (105). 
Another study showed that hypothermia increased BDNF protein expression in a 
posttraumatic model (106). The up-regulation of BDNF expression following TBI and stroke 
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has been associated with neuronal cell survival and restorative process (106, 107). 
Interestingly, a previous study has shown that hypothermia treatment combined with 
intravenous BDNF administration in post-ischemic model presented a neuroprotective effect 
(108). However, conflicting data regarding the role of the BDNF in the CNS have been 
reported (64, 109). Experimental evidence have shown that seizure activity increase 
expression of BDNF and that it can modulate neuronal excitability leading to abnormal 
synaptic reorganization following seizures (110). BDNF expression was increased in a model 
of febrile seizures (111), and a transgenic mice overexpressing the BNDF receptor trkB 
presented an increase in seizure severity after kainic acid administration (112). Based on these 
observations, our result might indicate that hypothermia have a beneficial effect following 
induced seizures by suppressing bdnf mRNA expression. We speculate that the early 
suppression of bdnf mRNA could protect the brain against abnormal synaptic reorganization 
following seizures. However additional studies are necessary to elucidate the long-term effect 
of hypothermia on BDNF expression following induced-seizures. 
 
It has been well demonstrated that seizures trigger an increase of the neuroinflammatory 
response (127, 128) and that inflammation has an important role in ictogenesis and in 
epileptogenesis (127, 129). Hypothermia has been shown to suppress the inflammatory 
response in ischemia–reperfusion injury and in TBI (115). Thus, in this study we evaluated 
the effect of hypothermia in the transcriptional regulation of inflammatory mediators in 
zebrafish, to their human orthologous COX-2, IL6, IL-1B, TNFA and HMGB1. Our findings 
revealed that hypothermia modulated the transcriptional expression of cox2a, cox2b and 
hmgb1 genes and led no significant changes in il1b, il6 and tnfa mRNA expression in CN, PN 
and PH groups (Fig.6). Although we observed an increased expression of 1l1b, tnfa and il6 in 
PN and PH compared to CN, this was not statistically significant (Fig.6). We previously 
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showed that anti-inflammatory drugs have a role in suppressing seizure activity in the 
zebrafish (52, 53). Notable, previous studies revealed that hypothermia treatment used in 
combination with diazepam or midazolam, have an antiepileptic effect (41, 44). Interestingly, 
benzodiazepines actions have been also related with the suppression of inflammation (116-
118). However, we found that hypothermia treatment alone had no effect on the suppression 
of the inflammatory biomarkers ilb1, il6 and tnfa (Fig.6). By contrast, our results have shown 
that cox2b mRNA was increased following hypothermia applied after PTZ-induced seizures 
in comparison to animals kept on normothermia following PTZ-induced seizures (Fig. 6B). 
Previous reports revealed that the expression of COX-2 is regulated by transcription factors 
such as nuclear transcription factor kappa-B (NF-κB) and transcriptional factor activator 
protein-1 (AP-1) (119, 120). c-fos is a member of the AP-1 complex and previous reports 
have shown that  c-fos positively regulates COX-2 expression  (119, 121). Thus, it is plausible 
to consider that the significant increase in c-fos mRNA after hypothermia (Fig.2) might had 
an influence on the upregulation of cox2b mRNA Figure (Fig.6B). However, because COX-2 
plays direct roles in epilepsy, further studies are required to evaluate the temporal-profile 
mRNA expression of cox2a and cox-2b following hypothermia treatment applied after PTZ-
induced seizures. Moreover, it would be interesting to evaluate the adjunct effect of 
hypothermia and anti-inflammatory drugs on seizure suppression in the zebrafish PTZ-seizure 
model.  
 
We have found an increase of hmgb1a mRNA expression following hypothermia (Fig.6C). 
This finding is in accordance with a previous study that has shown an increase of HMGB1 
after hyperthermia induction in a multiple trauma model (122). There is evidence suggesting a 
pathophysiological role of HMGB1 in the inflammation process ocuring in epilepsy (130, 
131). In addition to its proinflammatory activity, previous studies showed that HMGB1 
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promoted neurogenesis after intracerebral hemorrhage (124), neurovascular remodeling after 
cerebral ischemia (125) and neuronal differentiation of adult hippocampal neural progenitors 
cells (126). Additionally, Zhao et al. (2011) showed that the knockdown for hmgb1 impaired 
brain development in zebrafish model (127). Therefore, we speculated that the increase of 
hmgb1a mRNA might be related with the protective effects of hypothermia treatment 
following PTZ-induced seizures in the developing brain. Thus, our findings may open a new 
perspective for the role of HMGB1 in epilepsy.  
 
6. CONCLUSION 
In summary, we reported the transcriptional modulation of genes involved in inflammatory 
response, neuronal-activity, neuroplasticity, neurotransmission and cellular death following 
hypothermia treatment in the zebrafish model of PTZ-induced seizure . Taken together, our 
results provide novel insights about the role of c-fos, bdnf and hmgb1 genes in the 
neuroprotection effect of hypothermia. Nonetheless, additional studies are required to address 
and complement these observations. 
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FIGURES AND LEGENDS 
 
 
 
Figure 1. Manual quantification of swimming behavior during normothermic and 
hypothermic temperatures applied immediately after the PTZ-induced seizures or PTZ-free 
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water. (A) Seizure-like behavior response in animals that underwent hypothermia following 
PTZ-induced seizures (PH) and in animals that underwent normothermia following PTZ-
induced seizures (PN) (n = 5 per group). (B) Spams-like behavior response in PH and PN 
animals. (C) Baseline swimming activity in control hypothermia (CH) and control 
normothermia (CN) bath (n = 5 per group). Bar plot shows the average of the number of times 
that each behavior response was observed during five minutes. Data are presented as 
mean ± SEM. Statistical comparisons between two groups were performed using the Mann–
Whitney test. One asterisk (*) indicated that p <0.05; two asterisks (**) indicated that 
p < 0.001. 
 
 
 
Figure 2. The influence of hyperthermia treatment following PTZ-induced seizure in 
transcriptional expression modulation of the c-fos. mRNA expression levels were normalized 
to the reference gene eukaryotic translation elongation factor 1 alpha 1a (eef1a1a). Data were 
analyzed using the 2-ΔΔCt method. Abbreviations: CN = control animals that were maintained 
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at normothermia bath following PTZ-free water exposure; PH = animals that underwent 
hypothermia following PTZ-induced seizures; PN = animals that underwent normothermia 
following PTZ-induced seizures (n = 4 per group). Results are expressed as mean ± SEM. 
Statistical analysis was performed using one-way analysis of variance (ANOVA) combined 
with the Bonferroni post-hoc test for multiple comparisons. One asterisk (*) indicated that 
p < 0.05 and three asterisks (***) indicated that p < 0.0001. 
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Figure 3. Lack of influence of hyperthermia treatment following PTZ-induced seizure in the 
transcriptional expression modulation of GABAergic and glutamatergic receptors. mRNA 
expression levels were normalized to the reference gene eukaryotic translation elongation 
factor 1 alpha 1a (eef1a1a). Data were analyzed using the 2-ΔΔCt method. Abbreviations: CN = 
control animals that were maintained at normothermia bath following PTZ-free water 
exposure; PH = animals that underwent hypothermia following PTZ-induced seizures; PN = 
animals that underwent normothermia following PTZ-induced seizures (n= 4 or 5, per group). 
Results are expressed as mean ± SEM. Statistical analysis was performed using one-way 
analysis of variance (ANOVA) combined with the Bonferroni post-hoc test for multiple 
comparisons.  
 
 
 
Figure 4. Lack of effect of hyperthermia treatment following PTZ-induced seizure in the 
transcriptional modulation of Bcl-2 and caspase-3 genes. mRNA expression levels were 
normalized to the reference gene eukaryotic translation elongation factor 1 alpha 1a (eef1a1a). 
Data were analyzed using the 2-ΔΔCt method. Abbreviations: CN = control animals that were 
maintained at normothermia bath following PTZ-free water exposure; PH = animals that 
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underwent hypothermia following PTZ-induced seizures; PN = animals that underwent 
normothermia following PTZ-induced seizures (n= 5, per group). Results are expressed as 
mean ± SEM. Statistical analysis was performed using one-way analysis of variance 
(ANOVA) combined with the Bonferroni post-hoc test for multiple comparisons.  
 
 
 
Figure 5. Effect of hyperthermia treatment following PTZ-induced seizure in the 
transcriptional modulation of the neuroplasticity marker BDNF. mRNA expression levels 
were normalized to the reference gene eukaryotic translation elongation factor 1 alpha 1a 
(eef1a1a). Data were analyzed using the 2-ΔΔCt method. Abbreviations: CN = control animals 
that were maintained at normothermia bath following PTZ-free water exposure; PH = animals 
that underwent hypothermia following PTZ-induced seizures; PN = animals that underwent 
normothermia following PTZ-induced seizures (n = 5, per group). Results are expressed as 
mean ± SEM. Statistical analysis was performed using one-way analysis of variance 
(ANOVA) combined with the Bonferroni post-hoc test for multiple comparisons. One asterisk 
(*) indicated that p < 0.05 and three asterisks (***) indicated that p < 0.0001. 
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Figure 6. Effect of hyperthermia treatment following PTZ-induced seizure in the 
transcriptional regulation of genes involved in inflammatory response. mRNA expression 
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levels were normalized to the reference gene eukaryotic translation elongation factor 1 alpha 
1a (eef1a1a). Data were analyzed using the 2-ΔΔCt method. Abbreviations: CN = control 
animals that were maintained at normothermia bath following PTZ-free water exposure; PH = 
animals that underwent hypothermia following PTZ-induced seizures; PN = animals that 
underwent normothermia following PTZ-induced seizures (n =4 or 5 per group). Results are 
expressed as mean ± SEM. Statistical analysis was performed using one-way analysis of 
variance (ANOVA) combined with the Bonferroni post-hoc test for multiple comparisons. 
One asterisk (*) indicated that p ≤ 0.05; two asterisks (**) indicated that p ≤ 0.001. 
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SUPPORTING INFORMATION CAPTIONS 
 
Supplemental figure 1. Schematic representation of the custom-built water-bath tank. The 
tank was designed to include drawer for place and remove a 6 well-plate in water-bath. (A) 
For the hypothermia test the tank was filled with pre-chilled water. (B) For the normothermia 
test the water temperature was maintained using a thermostat. 
 
 166 
 
 
Supplemental figure 2. Schematic representation of the experimental design. Zebrafish 
larvae were placed on pentylenetetrazol (PTZ) solution or in PTZ-free water for 60 minutes. 
Immediately following this period, zebrafish larvae were transferred to a 6 well-plate 
containing water at 26oC ± 1oC (normothermia) or 15oC ± 1oC (hypothermia).   
 
 
 
 
 
 
 
 
 
 167 
 
 
 168 
 
 
 169 
 
 
 170 
 
 
 171 
 
 
 172 
 
 
 173 
 
 
Supplemental figure 3. Dissociation curve analysis to confirm specificity of amplification 
for each gene. The qPCR reactions were performed using the ABI 7500 Real-Time PCR 
system (Applied Biosystems). The PCR cycling conditions was used following the 
manufacturer instructions. Melting curve analysis is performed from 60 °C to 95 °C. The 
dissociation curve of PCR products appears as a single peak, indicating specificity of 
amplification for each gene.  
 
Supplemental video 1. Seizure-like behavior during normothermia following PTZ-induced 
seizure 
 
Supplemental video 2. Seizure-like behavior during hypothermia following PTZ-induced 
seizure 
 
Supplemental video 3. Baseline behavior in normothermia temperature. 
 
Supplemental video 4. Baseline behavior in hypothermia temperature.  
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5. DISCUSSÃO GERAL 
 
Do ponto de vista molecular, a crise epiléptica é originada em decorrência a um 
aumento excessivo da neurotransmissão excitatória ou da redução acentuada da 
neurotransmissão inibitória (132, 133). Neste contexto, os mecanismos de ação das DAEs 
atuam potencializando a neurotransmissão inibitória ou controlando/diminuindo a ação da 
atividade excitatória (57, 67, 134, 135). Embora existam em torno de 25 DAEs, que são 
administradas como monoterapia ou em politerapia, 30% dos pacientes com epilepsia não 
respondem ao tratamento medicamentoso (5, 136). Nesse sentido, a compreensão dos 
mecanismos moleculares que desencadeiam o desequilíbrio entre a neurotransmissão 
excitatória e inibitória, favorecendo a geração da crise epiléptica, são fundamentais para o 
desenvolvimento de abordagens terapêuticas a fim de modificar/prevenir o desenvolvimento 
e/ou progressão da doença (137, 138).  
Evidências experimentais demonstraram que a crise epiléptica promove um aumento 
da resposta inflamatória e este aumento, por sua vez, contribui para a geração das crises 
epilépticas (139-143). Além da inflamação, há evidências  que o aumento do estresse 
oxidativo, ocasionado pela atividade epiléptica, também contribui na geração da crise 
epiléptica (145-148). A morte neuronal é outro mecanismo explorado tanto como fator 
gerador e bem como decorrente da atividade epiléptica (149-151). Nesse contexto, 
investigamos o efeito de terapia anti-inflamatória, antioxidante e da hipotermia terapêutica, na 
supressão das crises epilépticas induzidas pelo PTZ no modelo zebrafish. Além disso, 
investigamos como cada terapia pode minimizar os danos secundários associados com a 
atividade epiléptica.  
Evidências experimentais demonstram que o aumento da resposta  inflamatória no 
SNC afeta a integridade da barreira hematoencefálica e aumenta a excitabilidade neuronal, 
 175 
 
diminuindo o limiar para a geração da crise epiléptica (140, 144, 152-155). Neste contexto, a 
terapia anti-inflamatória representa uma alternativa farmacológica de grande potencial a ser 
utilizada em conjunto com as DAEs no tratamento da epilepsia (131, 156, 157). Baseado 
nessas evidências, avaliamos o efeito do tratamento com o anti-inflamatório indometacina na 
supressão da crise epiléptica induzida pelo agente químico convulsivante PTZ e o seu efeito 
na supressão da resposta inflamatória em decorrência da atividade epiléptica.  
A indometacina é um  anti-inflamatório não-esteroidal e não-seletivo das enzimas 
ciclooxigenases-1 e 2 (COX-1 e COX-2) aprovado para o uso clínico (158). As enzimas 
COX-1 e 2  são responsáveis por catalisar a conversão do ácido araquidônico em 
prostaglandinas, os quais são potentes mediadores do processo inflamatório (158, 159). No 
SNC as COXs são expressas na micróglia, astrócito e neurônio (160-163). Em nosso estudo, 
observamos que o tratamento com a indometacina aumentou a latência e promoveu uma 
redução no número de episódios de crises epilépticas observadas durante a exposição ao PTZ 
(Artigo 1) (100). Além disso, os resultados revelaram uma redução no transcrito do marcador 
de atividade neuronal c-fos e dos marcadores inflamatórios il1b e cox2 (100). 
No segundo artigo investigamos o efeito da inibição seletiva da COX-1 e da COX-2 na 
supressão da crise epilética induzida pelo PTZ (164). A inibição farmacológica seletiva da 
isoforma COX-2 tem sido predominantemente explorada nos modelos de epilepsia (158, 165-
170). No entanto, vários estudos sugerem que a COX-1 apresenta um papel importante na 
neuroinflamação em doenças neurodegenerativas (160, 171-176). Neste estudo, observamos 
que a inibição seletiva da COX-1 promoveu uma redução do padrão comportamental 
(distância percorrida e velocidade média) e da expressão transcricional do marcador de 
atividade neuronal c-fos (164). Por outro lado, a inibição seletiva da COX-2 não promoveu 
nenhuma alteração dos parâmetros avaliados (164).  
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No terceiro artigo avaliamos o efeito do tratamento com a indometacina nas larvas 
knockout para o gene epm2a, associado à Doença de Lafora em humanos. Inicialmente foi 
avaliado a sensibilidade das epm2a-/-  ao PTZ a partir da avaliação qualitativa da expressão da 
proteína pERK, um marcador validado de atividade neuronal em larvas de zebrafish com 
quatro dias pós-fertilização (31). Foi demonstrado que as larvas epm2a-/- apresentaram um 
aumento da intensidade da marcação da expressão do pERK na região do telencéfalo em 
relação aos animais selvagens (wild-type, WT). Em seguida, avaliamos o efeito do tratamento 
com a indometacina antes da indução da crise epiléptica por PTZ na expressão do marcador 
de atividade neuronal pERK e observamos que o tratamento com a indometacina promoveu 
uma redução da intensidade da marcação os animais do grupo epm2a-/- +indo+PTZ  em 
relação aos animais do grupo não tratado com a indometacina epm2a-/- +PTZ . Em conjunto, 
os artigos 1, 2 e 3 revelam que a terapia anti-inflamatória contribuiu para a supressão da crise 
epiléptica induzida pelo PTZ e na supressão da expressão transcricional dos marcadores 
inflamatórios cox2 e il1b (Artigo 1).  
Como mencionado anteriormente, o estresse oxidativo tem sido observado em 
modelos animais de SE e também associado à geração das crises epilépticas (177). Evidências 
experimentais demonstram que a hiperativação dos receptores glutamatérgicos durante a crise 
epiléptica promove um influxo exacerbado de íons Ca2+ intracelular o que pode gerar dano ao 
DNA mitocondrial e consequente redução de produção de trifosfato de adenosina (ATP) (178-
181). O ATP é produzido na mitocôndria por meio da fosforilação oxidativa de glicose 
(glicólise), o principal substrato energético do SNC, por meio da cadeia de transporte de 
elétrons da cadeia respiratória (178, 179). Durante a respiração celular ocorre a formação de 
espécies reativas do oxigênio (EROs), dentre as quais se incluem os radicais superóxido (O2-), 
peróxido de hidrogênio (H2O2) e o radical hidroxila (OH-) (182). Além disso, vários estudos 
demonstram que a crise epiléptica promove um súbito aumento da demanda energética 
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metabólica cerebral e, consequentemente, aumento da produção das EROs (183-186). O 
estresse oxidativo ocorre quando há um desequilíbrio entre a produção e eliminação das 
EROs, este último promovido pelas enzimas do sistema de defesa antioxidante (177). Por sua 
vez, o aumento excessivo na produção das EROs podem causar lesões na molécula do DNA 
mitocondrial contribuindo assim para perda da função mitocondrial (disfunção mitocondrial) 
(182). A disfunção mitocondrial ocasionada tanto pela ação das EROs quanto pelo aumento 
intracelular de íons Ca2+ impacta diretamente na manutenção do suprimento energético no 
SNC, podendo assim, desencadear o processo de neurodegeneração (177). Neste sentido, a 
terapia antioxidante vem sendo apontada como uma terapia complementar no tratamento da 
epilepsia para minimizar os danos associados ao estresse oxidativo (187-191).  
Nos últimos anos, o tratamento com o antioxidante Azul de Metileno (AM) tem sido 
explorado para o tratamento neuroprotetor para o traumatismo cranioencefálico e isquêmica 
cerebral (192-195). Além disso, evidências experimentais demonstraram que o AM atua como 
um potencializador da memória (memory enhancer) retardando a deterioração cognitiva 
associada às doenças de Alzheimer e Parkinson (196-199) e que o mesmo pode ter efeito em 
zebrafish (102). Baseando-nos nessas evidências, no quarto artigo investigamos o efeito do 
tratamento com o AM na supressão da crise epiléptica induzida pelo PTZ, assim como na 
modulação da expressão transcricional de genes envolvidos no estresse oxidativo e morte 
celular. 
Em nosso estudo, a análise comportamental automática por vídeo-rastreamento 
revelou uma redução da velocidade média e da distância percorrida dos animais do grupo 
tratado com AM antes da indução da crise epiléptica pelo PTZ(MB+PTZ, n = 5) em relação 
aos animais do grupo não tratado (PTZ, n = 4), embora não tenha sido observado uma 
diferença estatística significativa entre os grupos. No entanto, é importante destacar que a 
imagem do rastreamento do nado gerado ao final da análise comportamental automática e a 
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duração da perda de postura obtida na análise comportamental manual revelaram que dois 
animais do grupo PTZ (n = 4) permaneceram na posição de perda de postura durante, 
aproximadamente, os cinco minutos de gravação do comportamento. A perda de postura é 
caracterizada por ser a última fase/estágio do padrão comportamental da crise epiléptica no 
modelo zebrafish (54, 104). Na perda da postura, o peixe permanece imóvel no fundo do 
tanque do aquário e com o corpo virado/tomado para um dos lados (54, 104). Portanto, este 
fato reflete diretamente na quantificação dos parâmetros da distância percorrida e velocidade 
média. Além disso, a avaliação transcricional do marcador de atividade neuronal c-fos revelou 
um aumento expressivo dos níveis de expressão entre os animais do grupo tratado com o AM  
com os animais não tratados e os animais controle. Interessantemente, estudos prévios 
revelaram que a expressão de c-fos é ativada após treinamento de testes comportamentais e 
também está envolvido/associado no processo de formação da memória, situações essas 
envolvendo eventos plásticos (181-187). Interessantemente, estudos anteriores mostraram que 
antioxidantes exógenos promoveram um aumento dos níveis de RNAm do gene c-fos (188, 
189). Portanto, especulamos se o aumento do nível de expressão transcricional do gene c-fos 
no grupo tratado com o AM pode estar associado com uma possível ação 
ativadora/moduladora do AM em eventos plásticos. No entanto, para testar essa hipótese, 
estudos apropriados devem ser conduzidos.  
Nossos resultados também revelaram uma redução significativa dos níveis de RNAm 
do gene superóxido dismutase (sod2) entre o grupo tratado com AM (MB+PTZ) e o grupo 
controle. Evidências experimentais mostraram que o aumento da produção de radicais O2- 
após a crise epiléptica promove um aumento da produção da expressão da SOD2, enzima 
responsável por catalisar a conversão do radical O2- em H2O2 (200-203). Notavelmente, 
estudos anteriores revelaram que o AM atua como aceptor alternativo de elétrons na cadeia 
transportadora de elétrons e que a competição cinética entre o AM e oxigênio molecular (O2) 
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favorece a redução do AM inibindo assim a formação de radicais O2- (199, 204-206). Desta 
forma, especulamos que a redução da expressão transcricional da sod2 reflete a redução da 
produção de radicais O2- pelo AM. Além disso, nossos resultados mostraram que o tratamento 
com o AM promoveu uma redução significativa na expressão transcricional do gene pró-
apoptótico caspase-3 em comparação com os animais do grupo controle. Em conjunto, nossos 
dados indicam que o tratamento com o AM pode representar uma terapia adjuvante 
promissora no tratamento da epilepsia. 
No quinto e último artigo avaliamos o efeito da hipotermia terapêutica não associado 
ao uso de fármacos antiepilépticos na supressão da crise epiléptica induzida por PTZ e a sua 
influencia na modulação transcricional de genes envolvidos na resposta inflamatória, 
neuroplasticidade, neurotransmissão e morte celular, bem como na supressão do 
comportamento de crise epiléptica. Evidências crescentes apoiam um efeito neuroprotetor da 
hipotermia terapêutica no traumatismo cranioencefálico e isquemia cerebral (207-211). Além 
disso, estudos clínicos e experimentais relataram que a hipotermia promoveu uma diminuição 
da atividade eletrográfica epileptiforme e sugerem que a hipotermia pode representar uma 
potencial terapia adjuvante com fármacos antiepilépticos para o tratamento da epilepsia 
refratária (212, 213). No entanto, pouco se sabe sobre a influência da hipotermia nas cascatas 
de sinalização associadas ao processo de lesão secundária após a crise epiléptica. 
Em nosso estudo, as larvas de zebrafish submetidas ao tratamento com a hipotermia 
imediatamente após a indução da crise epiléptica pelo PTZ apresentaram uma redução do 
padrão comportamental de crise epiléptica em comparação as larvas mantidas em 
normotermia após a indução da crise epiléptica. A análise quantitativa manual do padrão 
comportamental revelou que a hipotermia reduziu o número de episódios de crises epilépticas 
embora não tenha abolido completamente o comportamento de espasmos musculares. Além 
disso, nossos resultados mostraram que a hipotermia promoveu um aumento 
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expressivo/acentuado dos níveis de RNAm do marcador de atividade neuronal c-fos em 
comparação com animais mantidos em normotermia após a indução da crise epiléptica pelo 
PTZ. Este dado está de acordo com os achados prévios de Zhang et al. (2014) no qual 
observaram um aumento da expressão da proteína c-Fos no hipocampo e no córtex cerebral 
em roedor na hipotermia pós-isquêmica (214). Além deste, outro estudo mostrou que a 
hipotermia iniciada imediatamente após a oclusão da artéria cerebral acelerou a expressão de 
c-Fos no hipocampo em comparação com animais normotérmicos, sugerindo que esse 
aumento rápido poderia estar relacionado a mecanismos de recuperação após a lesão (215). 
No entanto, o aumento prolongado da expressão do gene c-Fos tem sido associado à apoptose 
neuronal nos modelos de SE (216). Embora o significado funcional da expressão do c-fos na 
epilepsia permaneça controverso, evidências crescentes na literatura apoiam o seu papel 
neuroprotetor (217-221). Um estudo prévio mostrou que camundongos knockout c-Fos 
apresentaram convulsões mais fortes e aumento da morte neuronal após administração de 
ácido caínico (219). Outro estudo demonstrou que a supressão da expressão transcricional 
(knockdown) do c-fos pelo oligonucleotideo antisense aumentou o dano tecidual após 
isquemia cerebral focal (220). Recentemente, foi relatado que a indução da expressão de c-
Fos protege contra a morte celular, enquanto a sua supressão induz a morte celular em um 
modelo de doença de Huntington (217). Além disso, demonstrou-se que os camundongos 
knockout para o gene c-Fos apresentaram comprometimento do desenvolvimento cerebral 
(219, 221). Portanto, com base em evidências anteriores, podemos inferir que o aumento dos 
níveis de RNAm do c-fos após a indução de hipotermia no zebrafish pode estar associado ao 
mecanismo neuroprotetor induzido pela hipotermia. No entanto, estudos adicionais são 
necessários para complementar nossos achados e dar mais informações sobre o papel da 
expressão de c-Fos na epilepsia, bem como seu papel na neuroproteção induzida pela 
hipotermia.  
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Em nosso estudo também avaliamos o efeito do tratamento com a hipotermia na 
regulação transcricional dos receptores de glutamato do tipo AMPA e do tipo NMDA, no 
receptor gabra1 e também as isoenzimas gad1 e gad2. Não foi observado diferença de 
expressão para os genes avaliados em questão entre os grupos controle, normotermia e 
hipotermia. No entanto, vale destacar que Schmitt et al. (2006) demostraram que a hipotermia 
reduziu a gravidade da crise epiléptica mas não promoveu alteração na atividade eletrográfica 
(125). Entretanto, a hipotermia quando combinado com diazepam resultou em uma 
diminuição acentuada das descargas epileptiformes enquanto o tratamento somente com o 
diazepam teve apenas um efeito de menor expressão (125). Neste mesmo sentido, Niquet et 
al. (2015) mostrou que o tratamento com hipotermia iniciado após a aplicação do midazolam 
apresentou efeito anticonvulsivante em um modelo de SE refratário ao tratamento com 
midazolam (222). Em conjunto, estes dois estudos demostraram que a hipotermia aumentou a 
sensibilidade do tratamento farmacológico com diazepam e midazolam em modelos animais 
de SE, promovendo assim, uma supressão da atividade eletrográfica epileptiforme (125, 135, 
222). O diazepam e o midazolam fazem parte da classe dos benzodiazepínicos e atuam como 
modulador alostérico positivo dos receptores de GABA (223-225). Recentemente, Nomura et 
al. (2017) constataram uma redução nos níveis extracelulares de glutamato e GABA durante o 
resfriamento focal do cérebro em pacientes refratários submetidos a cirurgia para a remoção 
do foco epiléptico (226). Portanto, embora não tenha sido observado uma diferença dos níveis 
de expressão de RNAm dos receptores de glutamato e GABA, não podemos descartar que a 
hipotermia pode estar atuando na liberação dos neurotransmissores. No entanto, estudos 
adicionais são necessários para investigar o efeito sinérgico da combinação da hipotermia 
com DAEs no modelos de indução química ou modelos genéticos de genes associados a 
epilepsia no  zebrafish.  
 Além disso, também não foi observada diferença na expressão transcricional dos genes 
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caspase-3 (casp3) e B-cl2 (bcl2) entre os grupos controle, normotermia e hipotermia. Este 
dado revela que a indução da crise epiléptica por uma hora não promoveu alteração dos genes 
envolvidos no processo de apoptose entre os animais mantidos na normotermia após a 
indução da crise epiléptica com os animais controle. Vale destacar que até o momento, 
nenhum estudo relatou que a indução química da crise epiléptica no modelo zebrafish 
promove morte celular. No entanto, em nosso estudo a expressão transcricional foi avaliada 
imediatamente após o tratamento com a hipotermia. Portanto, são necessários mais estudos 
para avaliar o perfil temporal da expressão do RNAm da casp3 e do bcl2 após a indução de 
crise pelo PTZ e também após o tratamento com a hipotermia.   
Um ponto interessante a ser destacado nesse trabalho é que a expressão de RNAm do 
bdnf foi menor nos animais submetidos a tratamento de hipotermia em comparação com os 
animais mantidos em normotermia após indução da crise epiléptica por PTZ. Entretanto, 
dados conflitantes sobre o papel do BDNF no SNC foram relatados na literatura (227, 228). O 
aumento da expressão do BDNF após o traumatismo cranioencefálico e no acidente vascular 
cerebral tem sido associado à sobrevivência das células neuronais e ao processo recuperação 
celular após insulto (207, 229). Por outro lado, evidências experimentais mostraram que a 
atividade epiléptica promove um aumento da expressão do BDNF e este aumento, por sua 
vez, pode atuar na modulação da excitabilidade neuronal levando a reorganização sináptica 
anormal após a crise epiléptica, contribuindo assim, para o processo de epileptogênese (230). 
Estudos prévios mostraram que expressão de BDNF está aumentada no modelo de crise febril 
(231) e que camundongos transgênicos que superexpressam o receptor trkB do BDNF 
apresentaram um aumento da gravidade da crise epiléptica após a administração com o ácido 
caínico (232). Com base nestas evidências, este resultado pode indicar que a supressão da 
expressão de mRNA do gene bdnf pela hipotermia pode representar um efeito benéfico na 
epilepsia.  
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Neste estudo também avaliamos o efeito da hipotermia na modulação da expressão dos 
genes envolvidos na resposta inflamatória. Nossos resultados revelaram que a hipotermia 
promoveu um aumento da expressão dos genes da Ciclooxigenase-2 (cox2a e cox2b) e da 
proteína de alta mobilidade do grupo de caixa 1 (hmgb1) e não promoveu alteração 
significativa na expressão da interleucina-1 beta (il1b), interleucina-6 (il6) e fator de necrose 
tumoral alfa (tnfa) entre os grupos controle, normotermia e hipotermia. Embora tenha sido 
observado um aumento de expressão da i11b, tnfa e il6 nos grupos normotermia e hipotermia 
em comparação com o grupo controle, este aumento não foi estatisticamente significativo 
entre os grupos. Estudos anteriores revelaram que o tratamento de hipotermia combinado com 
diazepam ou midazolam apresentou efeito anticonvulsivante (125, 222). Notavelmente, as 
ações de benzodiazepínicos também foram relacionadas com a supressão da inflamação (233-
235). No entanto, observamos que o tratamento de hipotermia sozinho, isto é, não combinado 
com nenhum fármaco, não teve efeito sobre a supressão dos biomarcadores inflamatórios il1b, 
il6 e tnfa. Por outro lado, nossos resultados mostraram que o RNAm da cox2b aumentou 
significativamente após o tratamento com a hipotermia em comparação com os animais 
mantidos em normotermia após crise epiléptica induzida por PTZ. Estudos anteriores 
revelaram que a expressão de COX-2 é regulada por fatores de transcrição como o fator de 
transcrição nuclear kappa-B (NF-kB) e a proteína ativadora do factor transcricional-1 (AP-1) 
(236, 237). O c-Fos é um membro do complexo AP-1 e evidências experimentais mostraram 
que o c-Fos regula positivamente a expressão COX-2 (236, 238). Assim, é plausível 
considerar que o aumento expressivo do RNAm do c-fos após o tratamento com a hipotermia 
observado em nosso estudo pode estar atuando na regulação da expressão do RNAm da 
cox2b. No entanto, como a COX-2 desempenha um papel na resposta neuroinflamatória na 
epilepsia, estudos adicionais são necessários para avaliar o de perfil de expressão temporal da 
COX-2  (cox2a e cox-2b) após o tratamento com a hipotermia. Além disso, também seria 
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interessante avaliar o efeito conjunto da hipotermia e anti-inflamatórios na supressão da crise 
epiléptica induzida pelo PTZ.  
Nossos dados também revelaram um aumento da expressão do RNAm da hmgb1a 
após o tratamento com a hipotermia. Esse achado está de acordo com um estudo anterior que 
mostrou aumento do HMGB1 após a indução de hipertermia em um modelo de trauma 
múltiplo (239). Entretanto, evidências experimentais sugerem um papel fisiopatológico do 
HMGB1 na inflamação na epilepsia (130, 131). Além de sua atividade pró-inflamatória, 
estudos anteriores mostraram que o HMGB1 promoveu um aumento da neurogênese após 
hemorragia intracerebral (240), remodelação neurovascular após isquemia cerebral (241) e 
diferenciação neuronal de células progenitoras neurais do hipocampo adulto (242). Além 
disso, Zhao et al. (2011) mostraram que o silenciamento do gene hmgb1a prejudicou o 
desenvolvimento do cérebro no zebrafish (83). Portanto, especulamos que o aumento do 
RNAm de hmgb1a pode estar relacionado a um efeito neuroprotetor da hipotermia após a 
indução de crise epiléptica no cérebro em desenvolvimento no zebrafish. Assim, nossas 
descobertas podem abrir uma nova perspectiva para o papel do HMGB1 na epilepsia. Em 
conjunto, nossos resultados fornecem novos entendimentos sobre o papel dos genes c-fos, 
bdnf e hmgb1 no efeito neuroprotetor da hipotermia após a indução de crise epiléptica. No 
entanto, estudos adicionais são necessários para abordar e complementar essas observações. 
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6. CONCLUSÃO 
 
• O tratamento com o anti-inflamatório indometacina promoveu a supressão da 
crise epiléptica induzida pelo PTZ com uma redução do número de episódios 
comportamentais de crise epiléptica e redução da expressão transcricional do 
marcador de atividade neuronal c-fos. Além disso, também promoveu uma 
redução do RNAm dos marcadores infamatórios il1b e cox2 (Artigo 1). 
 
• A inibição seletiva da enzima ciclooxigenase-1 promoveu a supressão da crise 
epiléptica induzida pelo PTZ com uma redução do padrão comportamental 
(distância percorrida e velocidade média) e da expressão transcricional do 
marcador de atividade neuronal c-fos (Artigo 2). 
 
• A análise por imunofluorescência da expressão do marcador de atividade 
neuronal pERK revelou que o tratamento com a indometacina promoveu uma 
redução da marcação em animais mutantes da Doença de Lafora  (Artigo 3).  
 
• O tratamento com o antioxidante Azul de Metileno (AM) promoveu uma 
redução dos níveis de RNAm do gene superóxido dismutase (sod2) e do gene 
pró-apoptótico caspase-3, evidenciando assim o uma ação neuroprotetora. Em 
conjunto, nossos dados indicam que o tratamento com o AM pode representar 
uma terapia adjuvante promissora no tratamento da epilepsia. 
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• O tratamento com a hipotermia não associado ao uso de fármacos 
antiepilépticos promoveu uma redução do padrão comportamental de crise 
epiléptica e a modulação da expressão transcricional dos genes c-fos, bdnf e 
hmgb1. Em conjunto, nossos resultados fornecem novos entendimentos sobre o 
papel dos genes c-fos, bdnf e hmgb1 no efeito neuroprotetor da hipotermia após 
a indução de crise epiléptica. 
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1. INTRODUCTION 
The zebrafish has become a widely used model for functional validation of human 
disease-related genes [1-3]. Its high genetic homology to the human genome combined with 
its advantageous biological features (high fecundity, external fertilization and development, 
and short generation time), makes zebrafish a genetically tractable model for forward and 
reverse genetic approaches [4-6]. In past years, morpholino antisense oligonucleotide (MO) 
was the most common knockdown technique used for studying gene function in zebrafish. 
Although it has many advantages, the MO technique has some significant limitations such as 
off-target effects, only partial loss of gene function, and temporary (a few days) gene 
inactivation [7-9]. Recently, the bacterial type II clustered regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associated Cas9 system has emerged as a versatile 
tool for site-directed mutagenesis, allowing a researcher to create insertions, deletions, or 
other modifications in a gene of interest [10-14]. In addition, these DNA modifications have 
the potential to be inherited; making CRISPR/Cas9 a more robust tool than others commonly 
used in zebrafish research [8, 11]. CRISPR/Cas9 is a system in which a single guide-RNA 
(sgRNA) binds to its complementary genomic target located immediately upstream of the 
short Protospacer Adjacent Motif (PAM) sequence (NGG) and triggers Cas9 endonuclease 
activity, leading to double-stranded breaks in the gene of interest (figure 1) [15]. The double- 
strand breaks (DSB) are then repaired by one of two repair mechanisms, homology- directed 
repair (HDR) or non-homologous end joining (NHEJ) [16]. Both repair mechanisms have 
important implications for genome editing mediated by the CRISPR/Cas9 system. The NHEJ-
mediated DSB repair is a very efficient way disrupt a gene by CRISPR/Cas9 [16]. NHEJ is an 
error-prone process causing random insertion or deletion (InDels) mutations at the cut site, 
often resulting in a knockout of gene function via frameshift mutation [12]. In contrast, DSBs 
can be repaired at lower efficiency by an HDR mechanism [17]. HDR uses homologous 
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sequences, such as an exogenous single-strand DNA, as a template to precisely insert specific 
mutations in the target genomic sequence [13, 17]. Therefore, this approach enables accurate 
genome editing that can produce mutations equivalent to human gene variants associated with 
diseases. Altogether, the CRISPR/Cas9 system has shown to be a simpler and more 
straightforward method for producing site-specific mutagenesis when compared to existing 
mutagenesis methods, such as zinc-finger nucleases (ZFNs) and transcription activator-like 
effector nucleases (TALENs) [8]. 
 
 
Figure 1. A schematic representation of CRISPR/Cas9 components. The CRISPR/Cas9 
system only requires altering the sgRNA for each target gene. Adapted from Jao et al. (2013). 
 
In zebrafish, the co-injection of Cas9-encoding mRNA with sgRNA into embryos at 
the one-cell stage induces random InDels mutations that are transmissible through the 
germline [8, 18]. Therefore, the injected embryos (F0) can exhibit a wide variety of in-frame 
and/or frameshift mutations [8]. Moreover, because of the delay in Cas9 expression during 
early embryonic cell divisions, F0 fish usually exhibit genetic mosaicism [18]. Thus, the 
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percentage of somatic cells that has InDels mutations will be different for each F0 mosaic fish 
[11]. Recent studies reported a mutagenesis rate in F0’s ranging from 20% to 90% [10-12]. 
This wide-range of mutagenesis rates shows that CRISPR/Cas9 targeting success can be 
improved by adapting the sgRNA and Cas9 encoding mRNA concentrations [11, 18], as well 
using two sgRNA targets per gene [8]. The optimization of CRISPR/Cas9 efficiency can 
increase the frequency of bi-allelic disruption and decrease the mosaic rate in injected embryo 
(F0) [12, 18]. However, the direct phenotype/genotype correlation in F0 founder fish (mosaic) 
must be interpreted with care, in general, phenotypes examined in the F1 offspring are more 
robust because genetic linkage of phenotype to genotype can be performed (figure 2) [8, 11, 
12, 18]. 
 
 
 210 
 
 
Figure 2. Workflow of CRISPR/Cas9-mediated targeted mutagenesis in zebrafish. The 
traditional route (A) provides the genetic Mendelian distribution (stable line). The 
phenotyping is done in the F2 generation by inbreeding two heterozygous F1 adults. The 
alternative route (B) provides rapidly screen for mutant phenotypes in F1 generation by 
inbreeding two injected fish.  
 
Genetic association studies and more recently, whole-exome sequencing has identified 
an increasing number of genes and genetic variants associated with human diseases, including 
epilepsy [19-21]. The most challenging task after a genetic variant has been identified is its 
pathogenicity assessment. One effective way to evaluate genetic variants is performing 
functional studies, and the zebrafish model in combination with the CRISPR/Cas9 gene 
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targeting technique is an attractive approach for this purpose. Moreover, this technique allows 
developing genetic models of epilepsy by targeting genes known as causative for epilepsy. 
Having a robust, in vivo model of the disease allows for a better understanding of the 
pathogenic mechanisms as well as providing opportunities to develop therapeutic strategies 
towards phenotype-specific interventions that inhibit epileptogenesis or decreases seizure 
frequency/severity.  
Lafora Disease is a severe form of myoclonic epilepsy, characterized by early- 
adolescence onset and significant neurodegeneration that progresses to dementia and ataxia, 
leading to death within 10 years [22-24]. Mutations in two genes, EPM2A (epilepsy 
progressive myoclonus type 2A gene) and the NHLRC1 (NHL repeat containing 1), also 
known as EPM2B, have been identified to be responsible for this disease [22-24]. EPM2A 
and EPM2B encode the laforin and malin proteins respectively, play a critical role in the 
regulation of glycogen metabolism, a major source of stored energy in the body [22-24]. The 
lack of these proteins is characterized by the accumulation of insoluble deposits of glycogen 
polymers (polyglucosan inclusions) called Lafora bodies (LB) in many cell types, including 
neurons and glial cells [22-24]. Together with LB accumulation, the neurodegeneration, 
myoclonic seizures and impaired behavioural response (ataxia) have been described in a 
mouse model of LD [25]. However, a recently published study has shown an increase of 
inflammatory mediators along with the disease progression, suggesting a pathogenic role of 
inflammation in LD [26]. In addition to the many advantageous features of the zebrafish as a 
model for genetic manipulations, it is a useful alternative to assess the effects of anti-
inflammatory compounds on seizure suppression [27]. Therefore, the generation of epm2a 
mutant in zebrafish by CRISPR/Cas9 represents an efficient method to better understand 
inflammatory processes in epilepsy, and for phenotype-based screening for LD therapeutics. 
Thus, the main aim of this project was internship geared toward a hands-on training in 
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genome editing using CRISPR-Cas9 system in zebrafish in order to create a model of LD. For 
this purpose, the internship took place in the laboratory of Dr. Shawn Burgess, who has been 
conducted extensive research on CRISPR-Cas9 system at the National Institutes of Health 
(NIH), Bethesda, MD (http://www.genome.gov/27559762).  
 
2. OBJECTIVE 
The main aim of the internship was geared towards a hands-on training in genome 
editing using the CRISPR-Cas9 system using the zebrafish model, in order to create a genetic 
model for LD studies. 
 
2.1. SPECIFIC OBJECTIVES 
To learn how to: 
• Select CRISPR targets using bioinformatics tools; 
• Design sgRNA’s; 
• Synthesize sgRNA and Cas9 mRNA; 
• Perform somatic and germline screening.   
 
3. METHODS 
All methods described herein for targeted genome editing using CRISPR/Cas9 was 
based on the previous study from the same group in which the research internship abroad was 
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accomplished.  For more information, see the following article of Varshney et al. (2016) [28]. 
 
3.1. Zebrafish maintenance and husbandry 
All experiments were performed in the wild-type (WT) zebrafish genetic strain TAB5. 
Adult WT was raised and maintained at the NIH Zebrafish Facility. Zebrafish embryos and 
larvae were raised in the E3 medium in an incubator system up to 5 days post-fertilization 
(dpf). At 5 dpf, zebrafish larvae were transferred from the Petri dishes to 1.5L tanks and 
placed into a rack system and raised to adulthood at 28°C under a 14/10 hour light/dark cycle. 
 
3.2. sgRNA targets selection and design  
The predicted sgRNA targets sites throughout the zebrafish reference genome 
(GRCz10/danRer10) were selected using the UCSC Genome Browser database connected 
with the ZebrafishGenomics track hub. Four target genomic sequences that contain the  “GG” 
dinucleotide at the 5’end of the target sequence were selected for this study. The “GG” targets 
allow synthesis by T7 RNA polymerase of the sgRNA. After target selection, the design for 
each target was performed. For this, a T7 promoter sequence (TAATACGACTCACTATA) 
was included at the 5’ end of the synthesized oligo and an overlapping gRNA sequence 
(GTTTTAGAGCTAGAAATAGC) was added to the 3’ end of the target sequence, as shown 
in table 2. The target-designed sequences were synthesized by Integrated DNA Technologies 
(IDT DNA). 
3.3. sgRNA template generation and sgRNA synthesis via in vitro transcription 
To generate templates for sgRNA transcription, the target design sequence was 
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annealed to a generic sgRNA template that contains the tracrRNA and crRNA sequences 
(5’AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTT
TAACTTGCTATTTCTAGCTCTAAAAC-3’) (IDT DNA).  The reaction for each sgRNA 
target was setup as follows:  
 
PCR reaction setup 
Reaction Component Amount (µl) Final concentration 
5x Phusion Buffer 10 1x 
10mM dNTP (2.5mM each) 1 0.2uM 
Target sequence oligo (10uM) 1 0.2uM 
universal Ultramer oligo 1 0.2uM 
Phusion DNA polymerase 0.5  
Nuclease-free water 36.5  
Final volume 50  
 
Thermocycler cycling conditions for the assembly reaction 
Cycler number Condition 
1 98oC, 2 minutes 
2 50 oC, 10 minutes 
3 72 oC, 10 minutes 
4 4 oC, hold 
After reaction, a sample was run on 2.5% (wt/vol) agarose gel electrophoresis in TAE 
buffer with SYBR Safe dye to verify successful assembly. A successful reaction should yield 
a single 117-120-bp-long product. After the confirmation of the expected size, the assembly 
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products was used as a template for in vitro transcription reaction using the HiScribe T7 High 
Yield RNA Synthesis Kit (New England Biolabs, NEB) and incubate the reaction in a 
thermocycler as follows: 
In vitro transcription reaction setup 
Reaction Component Amount (µl) Final concentration 
NTP Buffer MIX 5 1x 
PCR product 4 Unknown 
T7 RNA polymerase 1  
Final volume 50  
 
Thermocycler cycling conditions for in vitro transcription reaction 
Cycler number Condition 
1 37 oC, 4 hours 
2 4 oC, hold 
 
After the run was completed, 1ul of DNAse (NEB) was added to each reaction tube 
and the samples were incubated at 37oC for 20 minutes. The RNA product was purified using 
the RNA Clean and Concentrator-5 kit (Zymo Research) according to the manufacturer’s 
instructions and eluted with nuclease-free water (20 µl). Then, a sample of the reaction 
product was run on 2.5% (wt/vol) agarose gel electrophoresis in TAE buffer with SYBR Safe 
dye to verify successful sgRNA synthesis. A successful reaction should produce two bands 
between 100-200 base pairs. Next, the final RNA concentration and purity were assessed 
using a NanoDrop (Thermo Scientific Inc.) spectrophotometer, and the absorbance 260/280 
ratio expected is 2.0-2.3. The sgRNA samples were stored at −80°C.  
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3.4. Cas9 mRNA synthesis 
Cas9 nuclease expression vector pT3TS-nls-zCas9-nls (Addgene, 
http://www.addgene.org/46757) was transformed into competent cells (E. coli, DH5α) using 
the standard heat-shock transformation protocol. After transforming, single transformant 
bacteria colonies were picked and transferred to bacterial grow tubes containing LB media 
with the appropriate antibiotic and incubated on a shaker at 37°C overnight (ON). Next, the 
bacteria DNA were extracted using QIAprep Spin Miniprep kit (Quiagen), according to the 
manufacturer instructions. The pT3TS-nls-zCas9-nls plasmid was linearized by XbaI 
digestion and purified using a QIAquick PCR Purification kit (Qiagen) following the 
manufacturer’s protocol. The DNA concentration and purity were assessed using a NanoDrop 
(Thermo Scientific Inc.) spectrophotometer, and the absorbance 260/280 ratio expected is 1.7-
1.9. Next, capped Cas9 mRNA was synthesized using an mMESSAGE mMACHINE T3 
transcription kit (Ambion) and purified using RNeasy Mini kit (Qiagen) according to the 
manufacturer protocols. The size and quality of resulting RNA were confirmed by 
electrophoresis through a 1% (wt/vol) agarose gel electrophoresis in TAE buffer with SYBR 
Safe dye to verify successful transcription synthesis. A successful reaction should produce a 
single ~1.6 kb product. Then, Cas9 mRNA was aliquot and store at -80oC. 
 
3.5. Injection of Cas9 mRNA and sgRNA 
The sgRNA and Cas9 mRNA were co-inject into the yolk using 50 pg sgRNA per 
target and 300 pg Cas9 mRNA, with an injection volume of 1.4nl. The amount of sgRNA and 
Cas9 mRNA were calculated using the CRISPR-Calculator 
(http://research.nhgri.nih.gov/CRISPRz/downloads/CRISPR_CALC.xlsx).  
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3.6. Fluorescence PCR 
To determine the efficiency of the CRISPR/Cas9 targets, the genomic DNA (gDNA) 
was extracted from WT (uninjected) (n = 8) and injected embryos/larvae (F0) (n = 8). The 
isolated gDNA was used as a template to amplify the sgRNA target sites using gene-specific 
primers that amplify a 200 to 325 base pair (bp) fragment encompassing the CRISPR/Cas9 
target site, located in the middle of the amplicon. The PCR primers sequences were designed 
using the primer designing tool Primer3, with a melting temperature (Tm) of 60°C. For the 
fluorescence PCR, a tailed M13F  (5’- TGTAAAACGACGGCCAGT) and a PIGtail (5’- 
GTGTCTT) sequences were added to the forward and reverse primers, respectively. The 
fluorescence PCR reaction was performed using three primers: the gene-specific forward and 
reverse primers and the universal fluorescently labeled M13-FAM primer (5' 6-FAM /56-
FAM/TGTAAAACGACGGCCAGT). The M13-FAM primer incorporates the fluorescent 
dye into the forward primer and, therefore, into the PCR amplicon.  All oligonucleotides 
primers were synthesized by IDT DNA. For the gDNA extraction, euthanized embryos/larvae 
were placed into a 96-well thermal cycler plate containing 10ul of 50 mM NaOH. Then, the 
plate was heated to 95°C for 20 minutes in a PCR Thermal cycler. After the run, the plate was 
vortexed until the tissue was noticeably dissolved. Next, 10 ul of 100mM Tris-HCl, pH 8.0, 
was added to neutralize the basic solution. Extracted DNA was diluted 1:10 with ultra-pure 
water and 1.5ul were used as a template for subsequent PCR reactions.  The PCR reactions 
were set-up using AmpliTaq-Gold (Life Technologies) with an appropriate buffer, MgCl2, 
dNTPs, and equimolar ratios of the three primers at 5 pmol/µL with a final volume of 10ul. 
The thermal cycling conditions for PCR reaction were as follows: 12 minutes denaturation at 
94oC, 40 cycles of amplification  (94oC for 30 seconds, 57oC for 30 seconds, 72oC for 30 
seconds), final extension at 72oC for 10 minutes followed by an infinite hold at 4oC. The 
labelled PCR products (2.5ul) were mixed with a 10ul solution containing the GeneScan 400 
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HD ROX dye (Life Technologies) and Hi-Di-Formamide (Life Technologies) (1:100 dilution) 
and denatured at 95°C for 5 minutes in a PCR Thermal cycler. Denatured PCR product was 
run on the Genetic Analyzer 3130xl using the CRISPR-STAT module parameters [28].  
Results were analyzed using Gene Mapper software (Life Technologies) and differences in 
fragment sizes separated via fragment capillary gel electrophoresis were determined. The 
insertions or deletions (InDels) mutations were identified by peak shifts with respect to the 
wild-type amplicon.  
 
NOTE: in addition to what was initially proposed, the following experimental 
procedures were included in the project in order to rapidly screen for mutant 
phenotypes. 
 
3.7. Anti-inflammatory drug treatment  
Indomethacin was solubilized with dimethyl sulfoxide (DMSO), stored at 4oC and 
used at 100uM. The same volume of DMSO was used as vehicle control. Indomethacin 
treatment exposure was performed for one hour prior to seizure-induction at 4 days post 
fertilization (dpf) WT and F1 larvae as shown in figure 4.  For this procedure, F1 larvae were 
obtained by inbreeding two carriers/positive founders fish (F0).  
 
3.8. Pentylenetetrazole treatment for seizure-induction 
Seizures were induced in zebrafish larvae by the chemical convulsant drug 
pentylenetetrazole (PTZ) as described by Baraban et al (2005) [29]. WT and F1 larvae were 
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placed in a Petri-dish plate containing 15 mM PTZ for one hour (n = 8). All zebrafish larvae 
exposed to PTZ exhibited seizure-like behaviour response as previously shown. [29]. 
Following the PTZ or PTZ-free treatment time, WT and F1 larvae from each experimental 
group were euthanized by prolonged immersion in 300ug/ml tricaine. Immediately following 
euthanasia, a tissue sample from each F1 larvae was collected in a microtube, individually, for 
DNA extraction to genotype analysis by fluorescence PCR and the larva head was put in 
another Eppendorf tube and fixed with 4% PFA overnight (ON) at 4°C. Only F1 mutant larvae 
were used to perform the immunofluorescence analysis.  
 
3.9. Whole-mount Immunofluorescence  
The immunofluorescence protocol used was adapted from Randlett et al. (2015) [30].  
Fixed larvae were washed 3x with 1xPBST (pH 7.4) for 10 minutes for each time, at room 
temperature (RT) with gentle agitation. Next, larvae were bleach in a solution of 3% H2O2 and 
5%KOH until pigmentation has completely disappeared. Then, washed 3x with 1xPBST for 
10 minutes for each time, at RT with gently agitation and post-fixed in 4% PFA for 1 hour at 
RT. Next, washed 3x with 1xPBST for 10 minutes for each time, at RT with gentle agitation 
and incubated in 1ml solution of 150mM Tris-HCl (pH 9.0) at 70oC for 15 minutes. Next, 
washed 3x with 1xPBST for 10 minutes for each time, at RT with gentle agitation and 
permeabilized in 0.5% Trypsin-EDTA for 45 minutes on ice. Next, washed 3x with 1xPBST 
for 10 minutes/each time at RT with gentle agitation and blocked in 1xPBST + 1% BSA + 2% 
Normal Goat Serum (NGS) + 1%DMSO for 1 hour at RT with gentle agitation and then 
incubate ON at 4oC in primary antibody (1:500 dilution) in 1xPBST + 1% BSA + 1%DMSO 
with gently agitation. Next, washed 3x with 1xPBST for 10 minutes for each time, at RT with 
gently agitation and then incubated with secondary antibody (1:500 dilution) in 1xPBST + 1% 
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BSA + 1%DMSO in the dark at 4oC ON. The primary pERK antibody (Cell Signalling, 
4370S) was used for neuronal activity detection as described in Randelett at al. (2015) [30]. 
The primary Caspase-3 antibody (Abcam, ab13874) was used for apoptosis detection as 
described in Sorrells at al. (2013) [31]. The secondary antibody was Alexa Fluor 488 anti-
rabbit (Cell Signalling, 4412S). Zebrafish larvae were mounted in 1% low-melt agarose and 
imaged using a Zeiss LSM 880 confocal system.  
 
3.10. Imaging 
Confocal images were collected using a Zeiss LSM 880 confocal system fitted with an 
Airyscan module, mounted on an inverted Zeiss Axio Observer Z1 microscope with a water 
immersion LD LCI Plan-Apochromat 25x/0.8 DIC objective lens (Carl Zeiss Inc., 
Thornwood, NY, USA).  All images were acquired in LSM 880 mode using a 32-channel 
GaAsP-PMT detector.   An excitation wavelength of 488nm (2.0%) was used for detection of 
the Alexa Fluor 488.  Fluorescent emission was collected in a BP 491-559 filter.  Z-sections 
were collected with an interval of 1.337µm.  All confocal images were obtained with a frame 
size of 512 pixels by 512 pixels, scan zoom of 0.6 and line averaged 8 times.  Zeiss ZEN 2.3 
(black) software package was used for acquisition and post-processing of the images.   
 
4. RESULTS AND DISCUSSION 
4.1. sgRNA targets selection and design 
The predicted sgRNA targets sites throughout the zebrafish reference genome 
(GRCz10/danRer10) were selected using the UCSC Genome Browser database connected 
 221 
 
with the ZebrafishGenomics track hub [28]. This reliable tool provides all Streptococcus 
pyogenes Cas9 (SpCas9) target and predicted off-target sites. The sgRNA target site is 
generally 18-20 base pairs (bp) located directly upstream of a Protospacer Adjacent Motif 
(PAM) sequence (NGG) (5’- N18-NGG - 3’ PAM) [28]. The first 10-12 nucleotides adjacent 
to PAM are defined as the “seed” sequence. The base paring of the sgRNA in the seed 
sequence has shown to be more important than pairing in the rest of the target sequence [32]. 
Therefore, the potential off-target sites are related with the number of other seed regions 
throughout in the genome [28,32]. In the ZebrafishGenomics track, targets are scored for 
predicted off-targets sites and a lower score means fewer predicted off-target [28].  This score 
is based on the criteria of at least two mismatches at all positions in the seed sequence [28]. 
Moreover, the target specificity that guides the Cas9 RNA-guided endonuclease from SpCas9 
to the target loci in the genome requires the presence of the PAM sequence. However, genetic 
variations such Single Nucleotide Polymorphisms (SNPs) in the PAM or sgRNA sequences 
sites might affect the target recognition by Cas9, leading to inefficiencies in genome editing 
[28]. Therefore, it is recommended to avoid selecting polymorphic target sites to the target 
sequence for CRISPR/Cas9 gene editing [28,32,33]. It is important to highlight that the 
genetic variation for the TAB5 strain used in this study have been documented and the data 
are integrated with the predicted CRISPR/Cas9 target sites on the UCSC Genome Browser 
database [28,33]. In addition, it is recommended to select at least two sgRNA targets for each 
gene because target mutagenesis efficiency can vary between targets [28]. For this work, four 
targets have been selected for the epm2a gene (table 1).  In  order  to illustrate  how  the  
CRISPR/Cas9  target  selection  was  performed,  a step-by-step  instruction from screen 
capture is presented below (adapted from 
https://research.nhgri.nih.gov/manuscripts/Burgess/zebrafish/download.shtml page). 
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Step 1. Access the UCSC Genome Browser by going to http://genome.ucsc.edu/cgi-
bin/hgHubConnect and connect with ZebrafishGenomics (red arrow). 
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Step 2. Click in the box “Genomes” located in the upper left of the page (red arrow). 
 
 
Step 3. In the “Zebrafish Assembly” box (green arrow) select the GRCz10/danRer10 
reference genome. Next search for epm2a gene using the search term box (red arrow). 
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Step 4. Click on the Ensembl Genes (red arrow). 
 
Step 5. Select CRISPR/Cas9 targets sequences that start with  “GG” at the first two 
nucleotides (red arrow) in the ZebrafishGenomics and press refresh. The 5' GG dinucleotide is 
required by the T7 promoter used for T7 RNA polymerase-mediated sgRNA synthesis. Select 
the option “hide” for “GA CRISPR” targets (green arrow).Targets that start with “GA” is 
required by the SP6 promoter for in vitro transcription using SP6 RNA polymerase, however 
T7 polymerase is more efficient than Sp6 for RNA synthesis.   
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Step 6. All CRISPR/Cas9 predicted targets that start with “GG” (highlight in green) will be 
shown in the top of the gene sequence (red arrow). 
 
 
Step 6. Click on the zoom-in button (highlight in yellow) for more precise visualization of 
targets position in the gene. The target sequences are coloured in orange, blue or gray based 
on the sequence length of 18, 19 or 20 nucleotides, respectively. 
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Step 7. Click on a target sequence to obtain the target score information. Select targets with 
lower predicted off-targets (lowest score).  
 
 
Table 1. CRISPR/Cas9 selected targets for epm2a gene.  
Target 
Exon Target sequences Position 
Genomic 
size Strand Score 
1 18_GGCCGGAGATGGGGCTCT_6970 
chr23:1547998-
1548015 18 - 0 
2 19_GGCAGGACCGACCCTGGCT_749 
chr23:1547309-
1547327 19 + 234 
2 20_GGTCGATGGGGACTTCATTT_588 
chr23:1547210-
1547229 20 - 485 
3 20_GGTCACTGGATCCAGGAGAC_708 
chr23:1540160-
1540179 20 - 400 
 
Next, a T7 promoter sequence (TAATACGACTCACTATA) was added to the 5’ end 
of the target sequence and an overlapping gRNA sequence 
(GTTTTAGAGCTAGAAATAGC) was added to the 3’ end of the target sequence, as shown 
in table 2. Targets oligonucleotides were synthesized by Integrated DNA Technologies (IDT 
DNA). 
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Table 2.  sgRNA design for epm2a gene. 
Target number Target exon Target sequences sgRNA T7 promoter (5') and the a 20-nt overlapping sequence (3') (upercase) 
 
1 
 
1 
 
18_GGCCGGAGATGGGGCTCT_6970 
 
TAATACGACTCACTATAggccggagatggggctctGTTTTAGAGCTAGAAATAGC 
 
2 
 
2 
 
19_GGCAGGACCGACCCTGGCT_749 
 
TAATACGACTCACTATAggcaggaccgaccctggctGTTTTAGAGCTAGAAATAGC 
 
3 
 
2 
 
20_GGTCGATGGGGACTTCATTT_588 
 
TAATACGACTCACTATAggtcgatggggacttcatttGTTTTAGAGCTAGAAATAGC 
 
4 
 
3 
 
20_GGTCACTGGATCCAGGAGAC_708 
 
TAATACGACTCACTATAggtcactggatccaggagacGTTTTAGAGCTAGAAATAGC 
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4.5. Design of fluorescence PCR primers 
 The DNA template sequence for each target was selected as shown in the following 
steps below (steps 8 to 10). The gene-specific primers sequence for all CRISPR/Cas9 targets 
are listed on table 3.  
 
Step 8. Click in “view DNA for this feature” (red arrow).  
 
 
Step 9. Click in the “get DNA” (red arrow).  
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Step 10. Select and copy the DNA sequence in a primer-designing tool. 
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Table 3. Primers sequences designed using Primer3. 
GG CRISPR/Cas9 Targets Forward Reverse Amplicon size 
18_GGCCGGAGATGGGGCTCT_6970 5’_GCATGTGACTTCAGACCGAAT_ 3 5’_ACTGCACAGGACATGATGGT_ 3 224 
19_GGCAGGACCGACCCTGGCT_749 5’_TCGACCCGCTTTATGAACTT_3’ 5’_GGTATTCAGAATTTGCGACGA_ 3 233 
20_GGTCGATGGGGACTTCATTT_588 5’_TCGTTTTGAAATTGCCTTACC_ 3’ 5’_CCTCAATCTGTGGGATCTGG_ 3 239 
20_GGTCACTGGATCCAGGAGAC_708 5’_GCTCCACCCTAAAGGACTGA_ 3 5’_ATCACAACCGGTGCTGTGT5’_ 3 223 
 
Table 4. Fluorescent primers sequences for amplifying the target region. 
GG CRISPR/Cas9 
Targets Forward  (M13F 5' - lowercase) Reverse  (PIGtail 5' - lowercase) 
Amplicon size  + 25 bp 
(M13 and PIGtail 
sequences) 
18_GGCCGGAGATG
GGGCTCT_6970 5’_tgtaaaacgacggccagtGCATGTGACTTCAGACCGAAT_ 3 5’_gtgtcttACTGCACAGGACATGATGGT_ 3 249 bp 
19_GGCAGGACCGA
CCCTGGCT_749 5’_tgtaaaacgacggccagtTCGACCCGCTTTATGAACTT_ 3 5’_gtgtcttGGTATTCAGAATTTGCGACGA_ 3 258 bp 
20_GGTCGATGGGG
ACTTCATTT_588 5’_tgtaaaacgacggccagtTCGTTTTGAAATTGCCTTACC_ 3 5’_gtgtcttCCTCAATCTGTGGGATCTGG_ 3 264 bp 
20_GGTCACTGGATC
CAGGAGAC_708 5’_tgtaaaacgacggccagtGCTCCACCCTAAAGGACTGA_ 3 5’_gtgtcttATCACAACCGGTGCTGTGT_ 3 248 bp 
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4.5.  sgRNA mutagenesis activity - somatic mutagenesis screen 
All the embryos injected with the targets 3 and 4 died around 3dpf, and the mortality 
for the embryos injected with the target 2 was more than 80% at 4dpf. Therefore, the somatic 
mutagenesis screen was performed only for the epm2a-target number 1 (table 2). For this, 
eight randomly selected embryos from injected F0 embryos and non-injected WT was 
collected for the fluorescent PCR coupled with capillary gel electrophoresis to determined 
CRISPR/Cas9 target efficiency. The peaks profile for each embryo were analyzed using the 
GeneMapper. The peak corresponds to the size of the PCR amplified fragment (amplicon) and 
the peaks of the injected embryos were compared with the peaks from WT. The expected 
amplicon peak/size for WT was 249bp, but the result obtained showed a 244bp and 247bp 
peak/size and it also revealed that approximately 43% of the WT embryos analyzed presented 
two peaks, suggesting that the amplicon sequence might present genetic variation (figure 5 
and table 5). Therefore,  the  variations  that  might  be  present  within  the  sequence that   
was   PCR amplified was searched on The Ensembl Variation database. As suspected, a 5bp 
deletion variation (TTTTG/-; rs513178432) was found within the amplicon sequence. This 
5bp deletion matched with the 244bp amplicon size obtained and no other variation was found 
that could explain the 2bp deletion correspondent to the 247bp. The location/position of the 
rs513178432 in the amplicon sequence is presented in figure 6.  
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Figure 5. Peak profile plot from un-injected WT fish. The X-axis represents the size of peaks, 
the Y-axis represents the peaks heights/intensity and the fragment size scale is shown on the 
top. (A) WT peak allele 244bp. (B) WT peak alleles: 244bp and 247bp.  
 
Table 5. Non-injected WT peaks/size. 
 Size Peak Size Peak 
WT (A1) 244.01 9931     
WT (B1) 244 4535 246.98  5373 
WT (C1) 243.94 10664     
WT (D1) 244 8675 246.99  10001 
WT (E1) 243.98 11699     
WT (F1) 243.99 15556   
WT (G1) 243.96 8158 247.01  9208 
WT (H1) No data No data No data No data 
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>chromosome:GRCz10:23:1516980:1548688: Reverse strand (-) 
5' upstream sequence 
TCTATTTCGCTTTATTCTTTAAAAATGTTTCCACACATAATCCATTGTGGTTATTCA
AACAAGGCATTCAATTATTAATTATAATTAGAACAATTAAATGAATCAATAATAA
TAATTATTAATAGTGTTATTTTATTGATACACTTGCATTGCAAGTTAGCAGTGTAA
GAAAAAAAATATTAAAAATTTTAGTAAAAAGTTATACAAAATTTGGCGTACAAAT
TAGCCTACTGAATAGCACATTTTGTCCTGTTTTGAATGCATCTCTATGGAGGATTC
GCCTGTCTGAGCCGCGGTGCGCCCTCTAGAGGCACTGAAGCTACTCACAGTTGCC
GTAAAGTGTTGACATCTGCCGTCCTGTGTAAATGTGGATATATTCAACGCTTTATA
AAGCGCATAATTTAAACAACCACACAGATAGAGGGGTTTTTAGTAGACACACGG
CTGCTCCCTCTCAGCCGTTGTATCGCTTTAAAAGTCAATAGCACTGCATGTATTTT
TAGCGCACAGATTTTAGCCAGTCAGTGACCGAAGACGCGTAAATATCAGCTCCAG
TTATAGTGCAAGTGCATTTTGTGTGTGTTTACTGCACAGGACATGATGGTCGTGT
TCAGGTTTGGTGTTATTTTGACTCCAGAGTGTCCTGATATAGAGGTGTTTGT
GCTGGGCTCTCGGCCGGAGATGGGGCTCTGGGATACTGAGGTAAAATTGGTT
TTAAATTCGGACAGTGTGACACAAAAACTTGTGACACTGTCCCTATATTGTTTACC
ATGGCAGCTACTTTGAATATTCGGTCTGAAGTCACATGCAAGTATGATTTGAAAA
CATTATCACTATTTATTTTGACTGAATAAATGTTTATAATATTGACTGTGTTCATT
AACATTTATTGACTTAAATGTTAATGTTTCACTACCCTGCTGAAAAAAAAAAAAA
ACTGCTTAAACCAGCTTAGGATGGTTGTCTGGTTTTAGCTGGTTGACCAGACTGGT
TTTAGAGGGGGTTTGGCCATTTCCAGGCTGATTCCCAGCCTGGTCTTAGCTGGTCA
GGCTGGGAGATGACCAGCCTAGCCAAGCTGGGAGCCCAGCCACAACCAGCTATG
TCCAGCTTAAACCAGACTGGTTTTAGCTGGATTTAGCTGGTCATGGCCAAAACCC
CTCTAAAACCAGGCTGGTTAACCAGCTAAAACCAGCCAACCAGCCTAGGCAGGTT
TAAGCTGGATTTTTCAGCAGGGTATTCAGAATTTGCGACGAATATTTTTGTGAAAT
TCAGATTATTAAGGAGAAAGTCTGAATGTGTGAATATAAAACTAACTTTACCTCA
ATCTG  
3' downstream sequence 
Figure 6. The genetic variation identified within the amplicon sequence of the epm2a 
gene. The exon sequence is denoted in bold-black letters. The intron sequences are indicated 
in light-gray letters. The reverse complement sequence for the forward primer is highlighted 
in blue. The reverse primer sequence is highlighted in yellow. The transcription start codon is 
underlined. The reverse complement for the sgRNA target sequence site is highlighted in 
green.  The reverse complement sequence for the SNP (rs513178432: TTTTG/-) is 
highlighted in purple. The epm2a gene sequence was accessed using the Ensembl.  
(http://www.ensembl.org/Danio_rerio/Gene/Sequence?db=core;g=ENSDARG00000059044;r
=23:1517580-1548088)  
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The peak profile for injected epm2a-target number 1 revealed a high sgRNA activity 
as indicated by the presence of multiple peaks (Figure 7). The injected embryos were raised to 
adulthood and screened for germline mutation transmission. 
 
Figure 7. Peak profile plots from epm2a sgRNA injected zebrafish. The X-axis represents the 
size of peaks, the Y-axis represents the peaks heights/intensity and the fragment size scale is 
shown on the top. Multiple peaks indicate high sgRNA activity.  
 
4.7. Germline mutagenesis screen  
The germline transmission of stable mutations was performed in F1 progeny obtained 
from outcrossing the injected founder fish (F0) with a non-injected WT. For this, 9 injected 
males and 8 injected females were pair-wise crossed with WT females or males respectively, 
and eight randomly selected embryos was collected from each crossing for Fluorescence PCR 
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coupled with capillary gel electrophoresis to determine germline transmission (figure 7). The 
insertions or deletions (InDels) in the genomic target were identified by peak shifts with 
respect to the WT amplicon size. The peaks/size of the eight randomly selected embryos from 
each pair-wise crossing are presented in table 5. The region flanking the target site from 
epm2a-targeted number 1 was PCR amplified and the PCR product of seven randomly 
selected samples was run on 1% agarose gel electrophoresis (Figure 8). Comparing to the 
control size band, the amplicon size for all F1 samples indicated the presence of insertion 
mutations. The fish were kept separately on individual tanks until further identification of the 
positive founders that transmitted germline mutation to their progeny (F1). 
 
 
Figure 7. Par-wise outcrossing for germline mutation screening. A total of seventeen pair-
wise outcrossing were set-up to screen for germline-transmitted mutation. The numbers 1 to 9 
were used to identify the male founders and the letters A to H to identify the female founders. 
Injected fish (F0) were outcrossed to wild-type (WT) fish and eight randomly selected 
embryos were collected from each crossing for Fluorescence PCR coupled with capillary gel 
electrophoresis to determine the germline transmission. The injected male and female fish 
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were identified by using numbers and letters, respectively. Among the seventeen crossings, 
fifteen produced embryos.  
 
 Figure 8. 1% agarose gel electrophoresis of the fluorescence PCR product. The PCR 
amplicon size of the non-injected  WT is 244 bp or 247bp. Note that in all epm2a-targeted 
embryos amplicon indicates the presence of insertion mutations 
 
     Table 5. Germline screening data.  
 Size Peak Size Peak InDel 
Pool 2 (A1) 244.17 17056   - 
Pool 2 (B1) 244.07 22213   - 
Pool 2 (C1) 244.12 21628   - 
Pool 2 (D1) 244.11 13608   - 
Pool 2 (E1) 244.03 21033   - 
Pool 2 (F1) 244.13 19405   - 
Pool 2 (G1) 244.14 8637   - 
Pool 2 (H1) 232.86 1540 244.17 5979 Del. 
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Pool 3 (A2) 244.01 12689 250.17 14417 In (x3) 
Pool 3 (B2) 244.05 11289 250.18 12332 In (x3) 
Pool 3 (C2) 244.12 9072 250.14 10241 In (x3) 
Pool 3 (D2) 244.02 16456   - 
Pool 3 (E2) 244.08 15236 250.14 16451 In (x3) 
Pool 3 (F2) 217.75 23174 244.05 12727 Del. 
Pool 3 (G2) 244.06 10770 250.17 11936 In (x3) 
Pool 3 (H2) 244.07 11538 250.14 13025 In (x3) 
Pool 4 (A3) 244.05 9750 247.03 11206 - 
Pool 4 (B3) 244.14 10539 247.12 11567 - 
Pool 4 (C3) 246.97 19713   - 
Pool 4 (D3) 247 22075   - 
Pool 4 (E3) 247 20833   - 
Pool 4 (F3) 247.08 19248   - 
Pool 4 (G3) 244.1 9581 247.06 10868 - 
Pool 4 (H3) 247.02 15501   - 
Pool 5 (A4) 206.81 18318 246.98 10550 Del. 
Pool 5 (B4) 247.03 18908   - 
Pool 5 (C4) 244.13 10305   - 
Pool 5 (D4) 247.03 17816   - 
Pool 5 (E4) 244.03 19537    
Pool 5 (F4) No data    - 
Pool 5 (G4) 244.99 171   - 
Pool 5 (H4) 207.07 174 247.16 233 Del. 
Pool 6 (A5) 206.77 7485 243.99 3508 Del. 
Pool 6 (B5) 227.86 11529 244.05 8888 Del. 
Pool 6 (C5) 246.96 16576   - 
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Pool 6 (D5) 247.03 17816   - 
Pool 6 (E5) 230.82 27647 244.07 19324 Del. 
Pool 6 (F5) 227.78 20147 247 17128 Del. 
Pool 6 (G5) 247 18594   - 
Pool 6 (H5) 227.76 16777 244.05 12815 Del. 
Pool 8 (A7) 244.03 23482   - 
Pool 8 (B7) 243.99 10155 247 11383 - 
Pool 8 (C7) 243.99 15031 247 16937 - 
Pool 8 (D7) 244.01 10170 247.04 11581 - 
Pool 8 (E7) 244.07 24841   - 
Pool 8 (F7) 244.04 15626   - 
Pool 8 (G7) 244.1 19729   - 
Pool 8 (H7) 244.08 12294   - 
Pool 9 (A8) 244.07 16308   - 
Pool 9 (B8) 224.84 7086 244.14 3790 Del. 
Pool 9 (C8) 244.12 27432   - 
Pool 9 (D8) No data No data   - 
Pool 9 (E8) 244.03 7315 245.08 8447 - 
Pool 9 (F8) 218.61 11603 244.05 8592 Del. 
Pool 9 (G8) 244.12 15022 268.2 15423 In. 
Pool 9 (H8) 244.12 14743   - 
Pool A (A1) 243.98 10699   - 
Pool A (B1) 247.01 10873 260.86 7201 In. 
Pool A (C1) 244.12 5233 247.09 6329 - 
Pool A (D1) 247.09 15793 260.95 10910 In. 
Pool A (E1) 244.08 5764 247.02 7004 - 
Pool A (F1) 244.12 5233 247.09 6329 - 
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Pool A (G1) 239.02 13518 247 12335 Del. 
Pool A (H1) 247.07 2721 260.84 1664 In. 
Pool B (A2) 240 13443 243.89 8135 Del. 
Pool B (B2) 236.92 7688 243.9 6555 Del. 
Pool B (C2) 243.98 5284 259.04 6299 In. 
Pool B (D2) 240.09 11958 244.07 7362 Del. 
Pool B (E2) 243.98 6471 259.13 8157 In. 
Pool B (F2) 244.09 16641   - 
Pool B (G2) 236.95 8345 243.94 7112 Del. 
Pool B (H2) 237.01 8418 243.99 6797 Del. 
Pool C (A3) 243.92 7305 263.08 8041 In. 
Pool C (B3) 246.89 9883 263.07 9064 In. 
Pool C (C3) 246.92 8937 263.1 8213 In. 
Pool C (D3) 247.03 17473   - 
Pool C (E3) 247.04 14866   - 
Pool C (F3) 243.92 12436   - 
Pool C (G3) 229.9 10498 246.98 9231 Del. 
Pool C (H3) 243.92 7606 263.02 8237 In. 
Pool D (A4) 230.95 12969 246.98 9915 Del. 
Pool D (B4) 230.86 10449 246.87 7400 Del. 
Pool D (C4) 236.97 7117 246.97 6137 Del. 
Pool D (D4) 244.17 13616 247.09 13679 - 
Pool D (E4) 237.03 11872 247.03 10549 Del. 
Pool D (F4) No data No data No data No data - 
Pool D (G4) 244.99 9434 247.04 9422 - 
Pool D H4) 230.9 11358 246.97 8703 Del. 
Pool E (A5) 244.03 7524 246.98  - 
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Pool E (B5) 243.83 5368 246.85 5840 - 
Pool E (C5) 246.94 9163   - 
Pool E (D5) No data    - 
Pool E (E5) 243.94 6605 246.97  - 
Pool E (F5) 244.01 8410 247.03  - 
Pool E (G5) 243.83 10889   - 
Pool E (H5) 244.04 9544 247.02  - 
Pool F (A6) 240 11940 246.95 8562 Del. 
Pool F (B6) 217.79 1564 243.87 1255 Del. 
Pool F (C6) 240 14452 246.97 10150 Del. 
Pool F (D6) 217.79 13793 246.94 12921 Del. 
Pool F (E6) 244.09 5003   - 
Pool F (F6) 240.18 13203 247.03 9119 Del. 
Pool F (G6) 240 12084 246.92 8148 Del. 
Pool F (H6) 217.8 6609 243.88 4860 Del. 
Pool G (A6) 244.01 25448   - 
Pool G (B6) 246.89 14491   - 
Pool G (C6) 243.85 9470 246.88 11559 - 
Pool G (D6) 247.01 25005   - 
Pool G (E6) 243.84 11095   - 
Pool G (F6) 243.95 5198 246.98 6471 - 
Pool G (G6) 244.02 10096 246.95 11658 - 
Pool G (H6) 243.91 10662 246.92 12519 - 
Pool H (A7) 243.95 11290   - 
Pool H (B7) 244.07 11822   - 
Pool H (C7) 244.11 12174   - 
Pool H (D7) 244.03 17155   - 
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Pool H (E7) 243.94 19567   - 
Pool H (F7) 243.87 9402   - 
Pool H (G7) 243.86 7607 244.91 8635 - 
Pool H (H7) 243.91 14098     - 
 
 
The germline screening revealed that the male founders 6 and 9 and the female 
founders A, B, C, D and F transmitted mutant alleles not multiples of 3bp to their offspring 
(table 6). The mutation rate in each F0 fish ranged from 12.5% to 87.5% (table 6). The 
founders that presented germline mutation transmission rates ≥40% were kept separated on 
individual tanks for further inbreeding crossings. The fluorescence PCR plots for the founder 
screening shows two peaks correspondent to WT allele peak (244bp or 247bp) and the InDel 
mutation (Figure 9).  The F1 embryos from the positive founders were raised to adulthood.  
 
Table 6. Germline mutation rates for each founder. Positive founders selected are highlighted 
in yellow.  
Founders n
o of embryos 
screened 
no of embryos with 
InDel mutation 
no of embryos with InDel mutation / no of 
embryos screened or % 
2 8 1 1/8 or 12.5% 
3 8 6 (x3) 6/8 or 75% 
4 8 0 0/8 or 0% 
5 8 2 2/8 or 25% 
6 8 5 5/8 or 60% 
8 8 0 0/8 or 0% 
9 7 3 3/7 or 43% 
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A 8 4 4/8 or 50% 
B 8 7 7/8 or 87.5% 
C 8 5 5/8 or 60% 
D 7 5 5/7 or 71% 
E 8 0 0/8 or 0% 
F 8 7 7/8 or 87.5% 
G 8 0 0/8 or 0% 
H 8 0 0/8 or 0% 
 
 
Figure 9. Fluorescence PCR plots of the founder/germline screening. The X-axis 
represents the size of peaks, the Y-axis represents the peaks heights/intensity and the fragment 
size scale is shown on the top. Two peaks indicate the presence of the mutant and WT alleles. 
The red asterisks indicate the peaks from the WT allele and the black arrow indicate the mutant 
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allele (heterozygous genotype). The plots A show insertion mutation and the plots B and C 
shows a deletion mutation. 
 When F1’s achieved juvenile age (~ 2 months), the fin amputation was performed to 
obtain DNA for genotyping to identify the heterozygous fish using fluorescence PCR coupled 
with capillary gel electrophoresis. For the genotyping of F1 progeny, 96 juvenile fish from the 
pools 6, 9, A, B, C, D or F were randomly selected. The fluorescence PCR plots for F1 
genotyping shows two peaks correspondent to WT allele peak (244bp or 247bp) and the InDel 
mutation (Figure 10). The fluorescence PCR data are presented on table 7. The insertions and 
deletions ranging from 3bp to >30bp. Among the 96 fish that were genotyped, 58 fish 
presented heterozygous genotype (60%). 
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Figure 10. Fluorescence PCR plot of F1 genotyping. The X-axis represents the size of peaks, 
the Y-axis represents the peaks heights/intensity and the fragment size scale is shown on the 
top. Two peaks indicate the presence of the mutant and WT alleles. The red asterisks indicate 
the peaks from the WT allele and the black arrow indicate the mutant allele (heterozygous 
genotype). The plots A and shows insertion and the plots C and D show deletion mutation. 
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Table 7. The genotype of F1 progeny. The fish that heterozygous genotype are highlighted in 
yellow. 
 Size Peak Size Peak 
(A1) 230.99 12708 247.06 8917 
(B1) 232.64 10191 246.98 6688 
(C1) 246.98 27735   
(D1) No data No data No data No data 
(E1) 246.02 1544 247.06 3119 
(F1) 232.68 14048 247.06 11113 
 (G1) 230.97 19949 247.06 14809 
(H1) 247.05 4415 250.04 4684 
(A2) 246.91 22656   
(B2) 247.04 8064 251.12 5756 
(C2) 246.95 1972 251.12 1741 
(D2) 232.56 17609 247.02 14548 
(E2) 237 9868 246.98 7618 
(F2) 246.98 8920   
 (G2) 246.98 8764 250.01 9116 
(H2) 230.94 7744 246.94 5075 
(A3) 236.9 8240 246.93 6565 
(B3) 236.91 9265 246.88 7607 
(C3) 246.92 7079 283.67 3838 
(D3) 232.61 10464 246.92 7151 
(E3) 127.15 182   
(F3) 247 7692 283.55 3476 
246 
 
 
 
 (G3) 246.93 5260 250.02 1455 
(H3) 244.05 10554   
(A4) 243.96 5399 259.12 5498 
(B4) 238.99 1201 240 2413 
(C4) 237.03 12347 244.05 10414 
(D4) 237.03 5254 243.93 4456 
(E4) 236.89 12162 243.81 10353 
(F4) 236.99 5568 243.91 4699 
 (G4) 239.91 14452 243.87 10624 
(H4) 237.01 3717 244.01 2820 
(A5) 244.02 19985   
(B5) 243.89 16810   
(C5) 243.94 25475   
(D5) 243.97 14558 260.88 10305 
(E5) 243.96 6497 246.92 6189 
(F5) 238.9 12647 243.95 10330 
 (G5) 243.86 7138 260.79 5123 
(H5) 242.04 10580 247.01 12365 
(A6) 246.89 13582 260.79 9360 
(B6) 242.87 2438 243.85 6411 
(C6) 243.89 10959 260.71 7815 
(D6) 243.96 12487 246.92 12469 
(E6) 246.95 16605 260.71 10871 
(F6) 243.98 28217   
 (G6) 243.96 11029 246.93 10793 
(H6) 243.95 12083 260.87 9138 
247 
 
 
 
(A7) 224.55 2853 243.84 1522 
(B7) 246.99 9553 253.13 7934 
(C7) 227.53 6563 243.83 4463 
(D7) 224.61 15871 246.93 10372 
(E7) 224.5 13492 243.92 7359 
(F7) 246.93 10630   
 (G7) 236.99 15078 244.02 11253 
(H7) 246.93 19290   
(A8) 244.01 8600   
(B8) 227.7 10171 244.04 7275 
(C8) 246.9 14439 253.02 11908 
(D8) 230.74 18867 243.96 12931 
(E8) 246.93 30975   
(F8) 243.96 17530   
 (G8) 227.67 14557 246.98 11184 
(H8) 247.07 11764   
(A9) 246.98 19781   
(B9) 243.99 7192   
(C9) 227.61 10008 246.89 7634 
(D9) 236.86 9158 246.92 7437 
(E9) 235.89 7632 243.87 5403 
(F9) 230.59 7350 243.84 4670 
 (G9) 230.81 7844 246.92 4982 
(H9) 247.12 14912   
(A10) 227.75 8189 244.04 5547 
(B10) 227.83 9991 243.99 6997 
248 
 
 
 
(C10) 224.65 16650 244.02 11324 
(D10) 246.98 22768   
(E10) 243.95 18689   
(F10) 224.71 11332 247 7069 
 (G10) 246.96 11679   
(H10) 227.71 14606 247.04 11240 
(A11) 224.83 20654 244.17 12904 
(B11) 235.98 7028 246.92 5306 
(C11) 230.76 7801 244.05 5226 
(D11) 224.62 11663 244.02 6622 
(E11) 227.66 11442 243.98 8231 
(F11) 224.75 17386 246.94 11905 
 (G11) 244.04 11999   
(H11) 246.92 32503   
(A12) 230.98 13841 247.14 8896 
(B12) 224.73 15752 244.16 9704 
(C12) 224.74 11444 247.03 7234 
(D12) 247.04 11298   
(E12) 247.01 10610 253.18 9276 
(F12) 227.69 8474 244.13 5644 
 (G12) 236.07 9442 244.1 6643 
(H12) 227.85 10506 244.08 7063 
 
4.8. Positive founder inbreeding  
The phenotype evaluation was performed in F1 offspring obtained by the inbreeding of 
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two injected positive founders (F0 x F0). This allows a rapid phenotype assessment in the F1, 
however, it is important to highlight that the inbreeding of two injected founders will generate 
F1 offspring with a compound heterozygous genotype [28,33]. The genotype screening was 
performed by collecting 15 randomly selected F1 embryos for Fluorescence PCR coupled with 
capillary gel electrophoresis. The genotype screening revealed an average rate of 30% for 
compound heterozygous mutation and 70% for the homozygous mutation (table 7). The 
compound heterozygote genotype presents different deletions/insertions mutations in each 
allele of the targeted gene (Figure 11). The insertions or deletions in the genomic target were 
identified by peak shifts with respect to the WT amplicon size of 244bp or 247bp (Figure 11). 
 
Table 7. F1 genotypes from F0 inbreeding. Compound heterozygous and homozygous 
genotypes are highlighted in yellow and green, respectively. 
 Size Peak Size Peak 
F1 (A1) 224.75 6423 231.01 5768 
F1 (B1) 273.3 19041   
F1 (C1) 230.97 5257 236.99 4263 
F1 (D1) 250.09 21014   
F1 (E1) 224.66 11377   
F1 (F1) 229.95 13835 250.09 11520 
F1 (G1) 224.71 7625   
F1 (H1) No data No data   
F1 (A2) 261.11 7187   
F1 (B2) 250 7522 262.94 5617 
F1 (C2) 236.07 3891 245.06 3079 
250 
 
 
 
F1 (D2) No data No data   
F1 (E2) No data No data   
F1 (F2) 263.09 19179   
F1 (G2) 245.07 3800   
F1 (H2) 263.15 21371   
WT (A3) 244.14 3562 247.14 3897 
WT (B3) 244.06 4107   
WT (C3) 246.97 5942   
WT (D3) No data No data   
WT (E3) No data No data   
WT (F3) 244.01 1739 246.97 1923 
WT (G3) 244.14 1629 247.06 1896 
WT (H3) No data No data   
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Figure 11. Fluorescence PCR plot of F1 genotyping. The X-axis represents the size of peaks, the 
Y-axis represents the peaks heights/intensity and the fragment size scale is shown on the top. The 
red asterisks indicate the peak from the WT allele and the black arrow indicates the mutant alleles.  
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4.9. Whole-mount immunofluorescence  
The Lafora Disease (LD) is a progressive myoclonic type of epilepsy that is caused by 
an autosomal recessive disorder [22-24]. Because LD is a neurodegenerative disease, the 
phenotype assessment of F1 mutants (homozygous and compound heterozygous) larvae was 
performed by using whole-mount immunofluorescence staining for pERK antibody, an 
indicative of neuronal activation [30] as well, the Caspase-3 antibody as indicative of neuron 
cell loss [31]. Moreover, because the relationship between epilepsy and inflammation has 
been established and also the effects of the treatment with indomethacin on seizure activity in 
the zebrafish [27],  the F1 mutant larvae was exposed to PTZ in order to investigate if it could 
increased susceptibility to seizures comparing to the WT. Moreover, another F1 mutant larvae 
group was treated with indomethacin (100uM) for one hour prior to PTZ exposure in order to 
investigate if the treatment could decrease the pERK fluorescence intensity/neuronal activity. 
For this, the WT larvae were randomly selected to one of the following groups: (I) Negative 
control group (WT): WT larvae not exposed to PTZ or  (II) Positive control group 
(WT+PTZ): WT larvae exposed to 15mM PTZ (n = 8/ group). Moreover, the F1 were 
randomly selected to one of the following groups: (I) Control Group (epm2a-/-): not exposed 
to PTZ and neither treated with indomethacin; (II) Treatment group (epm2a-/- + indo + PTZ): 
treated with indomethacin prior to PTZ exposure; (III) Vehicle-control group (epm2a-/- + 
DMSO): exposed to 0.03% of DMSO and not exposed to PTZ; and (IV) Seizure group 
(epm2a-/- + PTZ): not treated with indomethacin and exposed to PTZ, as represented on 
figure 12 (n = 8/ group). After the experimental procedure, the larvae were euthanized and 
part of the larval body was taken for genotype analysis and the larva head was fixed in 4% 
PFA.  Only F1 mutants were used for the whole-mount immunofluorescence staining.  
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Figure 12. Schematic representation of the experimental design.  
 
The confocal slice imaging for WT larvae shows a widespread activation of neurons 
following one hour of 15mM PTZ exposure (positive control group: WT+PTZ) compared to 
the negative control group (WT), as expected [30] (figure 13). Interesting, the fluorescence 
intensity of the control group (epm2a -/-) indicates an increased activation of neurons in the 
telencephalon region compared the negative control group (WT). The telencephalon region of 
zebrafish is homologous to the mammalian amygdala and hippocampus, which are structures 
involved with the learning and memory process [34,35]. The histopathological analysis of 
epileptic brain specimens reveals that these structures are the most affected areas by the 
seizures [36]. Moreover, the treatment group (epm2a -/- +indo + PTZ) indicated a decreased 
of neuronal activation as compared to the seizure group (epm2a -/- + PTZ).  However, since 
the fluorescence intensity of for the vehicle-control showed was high, the visual comparisons 
between groups should be carefully interpreted for not generate false-positive data. Therefore, 
the experimental analysis should be repeated for further qualitative/quantitative evaluation 
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Figure 13. Confocal slice of 4 dpf zebrafish larvae stained for the neuronal activity marker 
pERK (green). Telencephalon (Te); Diencephalon (Di); Mesencephalon (Me). 
 
However, the immunofluorescence staining for caspase-3 using a dilution of 1:500 and 
1:1000 showed strong fluorescence intensity (Figure 14). The founder fish were incrossed 
again, once per week, for two consecutive weeks. Since that was two positive male founders 
(6 and 9), both males were used for a pair-wise incrossing. However, the fish did not breed 
and the standardization for caspase-3 could not be accomplished. 
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Figure 13. Confocal slice of 4 dpf zebrafish larvae stained using a 1:500 antibody dilution for 
Caspase-3 (green). Telencephalon (Te); Diencephalon (Di); Mesencephalon (Me).  
 
5. CONCLUSION 
In this study, we established a stable line for a zebrafish model for Lafora disease 
studies. Because of the generation-time of zebrafish is about 3-4 months, the phenotype 
assessment of the knockout (KO) in F2 progeny could not be evaluated during the intership. It 
is important to highlight that the Brazilian Government law forbids the importation of 
cyprinid fish, thus, it will be necessary to replicate the protocol for emp2a gene editing in 
order to set up a colony of the zebrafish model for Lafora Disease in the Zebrafish Laboratory 
– Unicamp. Nevertheless, this is a collaborative project between Dr. Maurer-Morelli 
(UNICAMP) and Dr. Burgess (NIH) that will continue aiming to investigate different aspects 
of molecular and behavioural mechanisms underlying the Lafora disease. 
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6. NEXT STEPS (FOLLOW -UP) 
Phenotype evaluation in the F2 generation by the inbreeding of two heterozygous F1 adults as 
follows: 
o Behavioural phenotyping using an automated computerized video-tracking 
system (DanioVision, Noldus) and through visual observation of spontaneous 
seizure-like behaviour; 
o Electrographic recording of brain activity; 
o  Histology for Lafora bodies (PAS followed by PASD) 
o Real-time PCR analysis of inflammatory mediators; 
o Anti-inflammatory drug screening in Lafora KO-zebrafish larvae. 
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9.  ANEXOS 
Anexo 1. Parecer do comitê de ética em pesquisa animal (#3098-1). 
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Anexo 2. Parecer do comitê de ética em pesquisa animal (#4081-1) 
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Anexo 3. Parecer do comitê de ética em pesquisa animal (#4663-1). 
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Anexo 4. Parecer do comitê de ética em pesquisa animal (#4646-1). 
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Anexo 5. Parecer do comitê de ética em pesquisa animal (#4645-1) 
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